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ABSTRACT 
The f i n e s t r u c t u r e of the median i n d i r e c t d o r s a l l o n g i t u d i n a l 
f l i g h t muscles has been examined throughout the f i r s t week of a d u l t 
l i f e . During t h i s p e r i o d , muscle c o l o u r changed from white to r e d d i s h -
brown and the banding p a t t e r n c h a r a c t e r i s t i c of mature a d u l t f l i g h t 
muscle was e s t a b l i s h e d . A s s o c i a t e d w i t h t h e s e changes th e r e was an 
i n c r e a s e i n m y o f i b r i l s i z e and the mean number of myosin f i l a m e n t s per 
myofibril,- no s i g n i f i c a n t change was observed i n the a c t i n : myosin 
r a t i o . There were i n d i c a t i o n s t h a t the number of m y o f i b r i l s per muscle 
f i b r e i n c r e a s e by " l o n g i t u d i n a l s p l i t t i n g " o f e x i s t i n g m y o f i b r i l s i n 
the f i r s t four days of a d u l t l i f e . A marked i n c r e a s e i n m i t o c h o n d r i a l 
s i z e and complexity was noted w i t h i n c r e a s i n g age. I n a d d i t i o n , t o t a l 
m i t o c h o n d r i a l p r o t e i n i n c r e a s e d approximately 1 0 - f o l d between the 9 t h 
day of 5th i n s t a r and the 6th day of a d u l t l i f e . However, the i n c r e a s e 
i n m i t o c h o n d r i a l s i z e i s probably due to both the s y n t h e s i s of new 
m i t o c h o n d r i a l p r o t e i n and the f u s i o n of a d j a c e n t mitochondria. The 
mitochondria g r a d u a l l y become arranged i n s t r a i g h t columns between the 
m y o f i b r i l s by the 5th day of a d u l t l i f e . The r e l a t i v e volume of the 
s a r c o p l a s m i c r e t i c u l u m (SR) and T-system decreased w i t h age. T h i s was 
a s s o c i a t e d with the formation of dyadic j u n c t i o n s and the s e p a r a t i o n 
of a d j a c e n t m y o f i b r i l s by s h e e t ( s ) of SR. I n c o n t r a s t to the s i t u a t i o n , 
observed i n the f i r s t few days of a d u l t l i f e , where dyadic j u n c t i o n s are 
s i t u a t e d near the Z-bands or a t an oblique angle to the a d j a c e n t 
m y o f i b r i l s , i n more developed f l i g h t muscle they are s i t u a t e d i n the 
r e g i o n of the A-bands and run p a r a l l e l to the m y o f i b r i l s . The 
d i s t r i b u t i o n of the SR and T-system was a f f e c t e d by the p e n e t r a t i o n of 
t r a c h e o l e s i n t o the muscle f i b r e s . Muscle t r a c h e a t i o n was more-or-less 
f u l l y developed w i t h i n the 3rd-day of a d u l t l i f e . The r e l a t i v e volume 
of the t r a c h e o l e s decreased w i t h age. The p h y s i o l o g i c a l i m p l i c a t i o n s 
of these developmental changes i n f i n e s t r u c t u r e a r e d i s c u s s e d . 
i i i 
M i t o c h o n d r i a l p h o s p h o l i p i d s contained f i v e mean f a t t y a c i d s 
a t a l l ages s t u d i e d ; p a l m i t i c a c i d ( 1 6 : 0 ) , s t e a r i c a c i d ( 1 8 : 0 ) , o l e i c 
a c i d ( 1 8 : 1 ) , l i n o l e i c a c i d (18:2) and l i n o l e n i c a c i d ( 1 8 : 3 ) . The 
r e l a t i v e amount of s t e a r i c a c i d (18:0) and the r a t i o of un s a t u r a t e d : 
s a t u r a t e d f a t t y a c i d s decreased over the p e r i o d between the 9th-day 
of the 5th i n s t a r and the 15th day of a d u l t l i f e . 
P r o v i d i n g a s u i t a b l e r e a c t i o n medium was used, o x i d a t i v e 
p h o s p h o r y l a t i o n was demonstrable a t a l l ages s t u d i e d w i t h the f o l l o w i n g 
s u b s t r a t e s : ct-glycerophosphate, pyruvate p l u s p r o l i n e and glutamate, 
but not w i t h s u c c i n a t e . 
2+ 
A l l o s t e r i c a c t i v a t i o n of a-glycerophosphate dehydrogenase by Ca 
was demonstrable a t a l l ages s t u d i e d . No such a c t i v a t i o n was observed 
when Mg 2 + r e p l a c e d C a 2 + . oi-Glycerophosphate dehydrogenase a c t i v i t y 
i n c r e a s e d with age. 
The p r o p e r t i e s of SR-ATPase ( t o t a l ATPase) of Lo c u s t a f l i g h t 
muscle were s i m i l a r to those r e p o r t e d f o r v e r t e b r a t e s s k e l e t a l muscle 
2+ 
SR-ATPase. T o t a l ATPase a c t i v i t y r e q u i r e d Mg and was s t i m u l a t e d by 
C a 2 + . Optimal c o n c e n t r a t i o n s of C a 2 + and Mg 2 + f o r t o t a l ATPase were 
3.19 x 10"6M ( f r e e C a 2 + ) and 1.5 - 3mM, r e s p e c t i v e l y . The pH optimum 
2+ 
was c a . 7.6 f o r t o t a l ATPase a c t i v i t y . The Ca - s t i m u l a t e d component 
of ATPase a c t i v i t y showed s i m i l a r optima to t o t a l ATPase a c t i v i t y . I n 
2+ 
the presence of Ca the apparent Km f o r ATP was decreased from 0.643mM 
(Mg pr e s e n t ) t o 0.420mM. There was an approximately 4 - f o l d i n c r e a s e 
i n SR p r o t e i n per thorax and i n the s p e c i f i c a c t i v i t y of t o t a l and C a 2 + -
s t i m u l a t e d ATPase a c t i v i t y . The developmental changes r e f e r r e d t o above 
a r e d i s c u s s e d i n r e l a t i o n to the improved f l i g h t performance observed 




ADP:0 ADP:0 r a t i o (number of nmoles of ADP e s t e r i f i e d 
per pg AO {microgram atom of oxygen} consumed). 
ANS 8 - a n i l i n e , 1-naphthalene sulphonate 
ATP Adenosine-5'-triphosphate 
ATPase Adenosine-5'-traiphosphatase 
BHT 2 , 6 - d i t e r t i a r y b u t y l - p a r a - c r e s o l 
B i s - T r i s propane 1,3-Bis { t r i s (hydroxymethyl)-methlamino} -propane 
BSA Bovine Serum Albumin 
C a 2 + ATPase C a l c i u m - s t i m u l a t e d adenosine 5'-triphosphatase 
(E.C. 3.6.1.3). 
°C degrees c e n t r i g r a d e 
C i C u r i e 
EDTA E t h y l e n e diamine t e t r a a c e t i c a c i d 
EGTA E t h y l e n e g l y c o l - b i s (B-amino-ethyl (ether) N N'-
t e t r a a c e t i c a c i d 
FCCP Carbonyl cyanide p - t r i f l u r o m e t h o x y p h e n y l hydrazone 
GLC G a s - l i q u i d chromatography 
a-GP a-glycerophosphate 
Kapp Apparent a s s o c i a t i o n constant 
Km M i c h a e l i s c o n s t a n t 
Mg 2 +-ATPase Magnesium-dependent adenosine 5 ' - t r i p h o s p h a t a s e 
(EC 3.6.1.3) 
M Molar 
NAD+ Nicotinamide-adenine d i n u c l e o t i d e ( o x i d i z e d form) 
NADH Nicotinamide-adenine d i n u c l e o t i d e (reduced form) 
P i I n o r g a n i c phosphate 
RCR R e s p i r a t o r y c o n t r o l r a t i o 
r.p.m. r e v o l u t i o n s per minute 
QO2 Oxygen consumed expressed i n \xg AO. mg p r o t e i n 
h o u r - 1 
s.p. S p e c i f i c g r a v i t y 
SR Sarcoplasmic r e t i c u l u m 
TCA T r i c h l o r o a c e t i c a c i d 
TLC T h i n - l a y e r chromatography 
U.V. U l t r a - v i o l e t 
Vmax Maximal r e a c t i o n v e l o c i t y 
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The m e t a b o l i c r a t e o f mature i n s e c t f l i g h t muscle i s amongst 
t h e h i g h e s t known i n b i o l o g y and t h i s i s r e f l e c t e d i n an a p p r o x i m a t e l y 
50-100 f o l d i n c r e a s e i n oxygen u p t a k e d u r i n g f l i g h t (SACKTOR, 1965, 
1970, 1974; ROWAN and NEWSHOLME, 1979; KAMMER and HEINRICH, 1978; 
BEENAKKERS e_t al _ . , 1981) . T h i s enormous i n c r e a s e i n t h e e x p e n d i t u r e 
o f energy d u r i n g f l i g h t i m p l i e s t h a t a s i m i l a r i n c r e a s e o c c u r s i n t h e 
a c t i v i t y o f t h e r e s p i r a t o r y enzymes, s u b s t r a t e f l u x , o x i d a t i v e 
p h o s p h o r y l a t i o n and ATP p r o d u c t i o n (ROWAN and NEWSHOLME, 1979; KAMMER 
and HEINRICH, 1978). A v e r y e f f i c i e n t system, t h e r e f o r e , i s r e q u i r e d 
f o r t h e f o r m a t i o n o f ATP and i t s c o n v e r s i o n t o m e c h a n i c a l work. I t 
has been r e p o r t e d t h a t muscle can a t t a i n e f f i c i e n c i e s i n excess o f 
40% i n u t i l i z i n g m e t a b o l i c energy f o r work (WILSON e_t a l _ . , 1981) . I n d e e d , 
HUDDART (1975) s u g g e s t s t h a t t h e muscle f i b r e can be c o n s i d e r e d 
e s s e n t i a l l y as a machine whi c h c o n v e r t s c h e m i c a l energy (ATP) i n t o 
m e c h a n i c a l energy and t h a t t h e d e n s i t y o f t h e m i t o c h o n d r i a may be 
t a k e n as a measure o f t h e ATP r e q u i r e m e n t by t h e muscle. 
The major development o f Lo c u s t a m i g r a t o r i a f l i g h t muscle t a k e s 
* * 
p l a c e d u r i n g t h e 5 t h i n s t a r and t h e e a r l y p a r t o f a d u l t l i f e (BUCHER, 
1965). However, t h e p r e c u r s o r s o f t h e f l i g h t muscles a r e formed e a r l y 
i n development, p r o b a b l y d u r i n g embryogenesis (VAN MARREWIJIK e t a _ l . , 
1 9 8 0 ) . S i m i l a r l y , TIEGS (1955) has shown t h a t , i n C h o r t o i c e t e s 
t e r m i n i f e r a , f l i g h t muscle i s p r e s e n t as undeveloped muscle i n t h e 1 s t 
i n s t a r l a r v a . I n S c h i s t o c e r c a g r e g a r i a , t h e f u t u r e a d u l t p t e r o t h o r a c i c 
m u s c u l a t u r e i s a l r e a d y p r e s e n t a t e c l o s i o n f r o m t h e egg (BERNAYS, 1972). 
However, o n l y t h e d o r s a l l o n g i t u d i n a l muscles a r e w e l l d e v e l o p e d and 
th e s e a r e p r o b a b l y used i n h a t c h i n g . S u b s e q u e n t l y , t h e s e muscles 
become n o n - f u n c t i o n a l , per5ist-in.g^as r u d i m e n t s u n t i l t h e y d e v e l o p i n t o t h e 
2 
a d u l t i n d i r e c t d o r s a l l o n g i t u d i n a l f l i g h t muscles (THOMAS, 1954). 
I n L o c u s t a , HILL and GOLDS WORTHY (1968) showed t h a t t h e w e i g h t o f 
th e f l i g h t muscle i n c r e a s e d more t h a n 2 - f o l d d u r i n g t h e 4 t h l a r v a l 
i n s t a r and about 1 6 - f o l d i n t h e 5 t h i n s t a r . They a l s o n o t e d t h a t 
t h e f l i g h t muscles ceased t o grow j u s t b e f o r e and d u r i n g t h e p e r i o d 
o f e c d y s i s . On t h e b a s i s o f w e i g h t , BROSEMER e_t a_l. (1963) and 
BUCHER (1965) have d e s c r i b e d f o u r phases i n t h e g r o w t h o f L o c u s t a 
f l i g h t muscle i n t h e f i n a l l a r v a l i n s t a r and t h e 1 s t week o f a d u l t 
l i f e . These phases a r e " l a r v a l g r o w t h " (between t h e 8 t h day and t h e 
2nd day b e f o r e t h e f i n a l e c d y s i s ) , " t h e m o u l t i n g i n t e r v a l " (from t h e 
end o f l a r v a l g r o w t h t o t h e f i n a l e c d y s i s ) , " t h e phase o f d i f f e r e n t i a t i o n " 
( f o l l o w i n g t h e f i n a l e c d y s i s up t o t h e 3 r d day o f a d u l t l i f e ) and 
"t h e phase o f d u p l i c a t i o n " (between t h e 3 r d and 1 0 t h day o f a d u l t l i f e ) . 
The l a t t e r two phases o c c u r i n t h e a d u l t i n s e c t d u r i n g w h i c h t h e d r y 
w e i g h t o f t h e f l i g h t muscles i n c r e a s e d by some 300% (HILL e t a_L. , 1968) . 
The l o c u s t was t h e n a b l e t o s u s t a i n f l i g h t f o r s e v e r a l hours (BUCHER, 
1965). BUCHER (1965) has r e p o r t e d t h a t t h e above s u b - d i v i s i o n s , based 
on t h e w e i g h t o f t h e muscles, were c o n f i r m e d when m o r p h o l o g i c a l and 
b i o c h e m i c a l p r o p e r t i e s were compared. As development proceeds t h e 
enzyme p a t t e r n o f young f l i g h t muscle d e v e l o p s towards t h e a d u l t p a t t e r n 
w h i c h i s q u i t e d i f f e r e n t (BEENAKKERS e t a l . , 1975) . I n L o c u s t a , 
BEENAKKERS et_ a l _ . (1975) r e p o r t e d t h a t t h e u l t i m a t e enzyme p a t t e r n was 
e s t a b l i s h e d by t h e 8 t h day o f a d u l t l i f e and t h a t t h e most p r o f o u n d 
changes t o o k p l a c e o v e r t h e l a s t few days b e f o r e and t h e f i r s t 4 days 
a f t e r t h e f i n a l e c d y s i s . 
The w i n g - b e a t f r e q u e n c y o f t e t h e r e d L o c u s t a ( i . e . the rhythm o f 
muscle c o n t r a c t i o n ) i n c r e a s e d a p p r o x i m a t e l y 2 - f o l d d u r i n g t h e f i r s t 2 
weeks o f a d u l t l i f e , whereas t h e o t h e r p a r a m e t e r s ( w i n g - s t r o k e a n g l e 
and s t r o k e - p l a n e a n g l e ) remained c o n s t a n t (GEWECKE and KUTSCH, 1979) . 
3 
N e v e r t h e l e s s , f l i g h t speed r e l a t i v e t o t h e s u r r o u n d i n g a i r and l i f t 
i n c r e a s e d d u r i n g m a t u r a t i o n such t h a t a 2-day o l d l o c u s t c o u l d m a i n t a i n 
a l t i t u d e i n f r e e f l i g h t (KUTSCH and GEWECKE, 1979). However, t h e r e 
was no c o r r e l a t i o n between f l i g h t p e r f o r m a n c e and age i n a d u l t a n i m a l s 
o l d e r t h a n 2 days. KUTSCH and GEWECKE (1979) c o n c l u d e d , t h e r e f o r e , 
t h a t the b a s i c n e u r o n a l f l i g h t p a t t e r n i s d e t e r m i n e d a t t h e l a s t 
e c d y s i s and t h a t t h e motor o u t p u t f r e q u e n c y i n c r e a s e s w i t h age t o 
match the i n c r e a s e i n body w e i g h t . 
BROSEMER e t al_. (1963) have i n v e s t i g a t e d t h e development o f 
s u b c e l l u l a r s t r u c t u r e t o g e t h e r w i t h t h e enzy m a t i c a c t i v i t i e s i n t h e 
f l i g h t muscle o f L o c u s t a and p o i n t e d o u t t h a t a good c o r r e l a t i o n e x i s t s 
between u l t r a s t r u c t u r e and enzyme a c t i v i t i e s o f f l i g h t muscle. 
S i m i l a r l y , BUCHER (1965) r e p o r t e d t h a t a p a r a l l e l development o c c u r r e d 
between m i t o c h o n d r i a l u l t r a s t r u c t u r e and m i t o c h o n d r i a l enzymes, and 
co n c l u d e d t h a t t h e g r o w t h o f th e s e o r g a n e l l e s i s synchronous i n a l l 
i t s e l e m e n t s . He s t a t e d t h a t " t h i s p a r a l l e l i s m between i n c r e a s e i n 
m o r p h o l o g i c a l m i t o c h o n d r i a l s t r u c t u r e and t h e enzyme c o n t e n t does n o t 
l e a v e any do u b t about t h e i n d e p e n d e n t g r o w t h o f m i t o c h o n d r i a l 
s t r u c t u r e " . The meaning o f "in d e p e n d e n t g r o w t h " has been q u e s t i o n e d 
by DE KORT (1969) who fo u n d a good c o r r e l a t i o n between m i t o c h o n d r i a l 
mass, s u c c i n a t e dehydrogenase and t h e a c t i v i t y o f v a r i o u s o t h e r 
m i t o c h o n d r i a l enzymes. However, he c o u l d n o t f i n d p r o p o r t i o n a l i t y 
between s u c c i n a t e dehydrogenase a c t i v i t y and t h a t o f 3 - h y d r o x y a c y l -
CoA dehydrogenase. He c o n c l u d e d t h a t t h e g r o w t h o f m i t o c h o n d r i a , i n 
L e p t i n o t a r s a d e c e m l i n e a t a , i s n o t accompanied by t h e synchronous 
growth o f a l l e n z y m a t i c components, and s t a t e d t h a t " i n d e p e n d e n t 
g r o w t h does n o t mean t h e g r o w t h o f m i t o c h o n d r i a can t a k e p l a c e 
i n d e p e n d e n t l y f r o m other c e l l u l a r a c t i v i t i e s " . T h i s i s i n a c c o r d w i t h 
the r e p o r t t h a t t h e o v e r a l l b i o g e n e s i s o f m i t o c h o n d r i a t a k e s p l a c e by 
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an i n t e r a c t i o n between t h e n u c l e a r - c y t o p l a s m i c g e n e t i c system and 
th e m i t o c h o n d r i a l g e n e t i c system (SCHATZ and MASON, 1974) . 
A s s o c i a t e d w i t h t h e d e v e l o p m e n t a l changes r e f e r r e d t o above, 
e x t r a - m i t o c h o n d r i a l a - g l y c e r o p h o s p h a t e dehydrogenase was f o u n d t o 
i n c r e a s e 2 0 - f o l d d u r i n g t h e phase o f d i f f e r e n t i a t i o n i n L o c u s t a 
(BUCHER, 1965). T h i s enzyme has been c o n s i d e r e d as an i m p o r t a n t 
a s p e c t o f t h e d i f f e r e n t i a t i o n o f f l i g h t muscle (BUCHER, 1965) and 
t h e r e i s a c o r r e l a t i o n w i t h i t s a c t i v i t y and t h e m a t u r i t y o f f l i g h t 
muscle f u n c t i o n (BROSEMER, 1965, 1967). However, i n c o n t r a s t t o t h e 
s u g g e s t i o n t h a t , i n S c h i s t o c e r c a vaga, t h e p o t e n t i a l i t y f o r f l i g h t may 
be c o n t r o l l e d a t t h e enzymic l e v e l by t h e a c t i v i t y o f a s i n g l e enzyme, 
e x t r a m i t o c h o n d r i a l a - g l y c e r o p h o s p h a t e dehydrogenase (BROSEMER, 1 9 6 5 ) , 
DE KORT (1969) f a i l e d t o f i n d t h e same s u b s t a n t i a l i n c r e a s e i n e x t r a -
mi t o c h o n d r i a l a - g l y c e r o p h o s p h a t e dehydrogenase i n L e p t i n o t a r s a 
d e c e m l i n e a t a f l i g h t muscle. He c o n c l u d e d t h a t f l i g h t muscle i n t h i s 
i n s e c t i s l i m i t e d by t h e o v e r a l l enzyme c o n t e n t o f t h e muscle r a t h e r 
t h a n by a s i n g l e enzyme as sugg e s t e d by BROSEMER ( 1 9 6 5 ) . However, 
CRABTREE and NEWSHOLME (1972) have f o u n d t h a t t h e maximum a c t i v i t y o f 
m i t o c h o n d r i a l a - g l y c e r o p h o s p h a t e dehydrogenase was always much lo w e r 
t h a n t h a t o f t h e c y t o s o i i c enzyme. They suggested, t h e r e f o r e , t h a t 
t h e m i t o c h o n d r i a l enzyme i s t h e r a t e l i m i t i n g f a c t o r i n t h e a-
g l y c e r o p h o s p h a t e c y c l e (see Chapter 5 ) . 
SACKTOR (1975) has r e v i e w e d t h e mode o f c o n t r o l o f ^ - g l y c e r o p h o s p h a t e 
o x i d a t i o n i n i n s e c t f l i g h t muscle. He co n c l u d e d t h a t t h e r e l e a s e o f 
Ca 2 + by t h e s a r c o p l a s m i c r e t i c u l u m (SR), w h i c h c o i n c i d e s w i t h t h e 
i n i t i a t i o n o f f l i g h t , a c t i v a t e s a - g l y c e r o p h o s p h a t e dehydrogenase and 
t h e r e f o r e a - g l y c e r o p h o s p h a t e o x i d a t i o n . The a b i l i t y o f t h e SR o f 
o -1. 
L o c u s t a f l i g h t muscle t o accumulate and r e l e a s e Ca z has been d e m o n s t r a t e d 
by TSUKAMOTO e t a l . (1966) and i t may be t h a t t h e r e l e a s e and 
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s e q u e s t r a t i o n of C a 2 + by the SR r e p r e s e n t s the mechanism f o r r e g u l a t i n g 
a-glycerophosphate o x i d a t i o n by c o n t r o l l i n g c e l l u l a r C a 2 + c o n c e n t r a t i o n 
(SACKTOR, 1975). The importance of C a 2 + i n the f u n c t i o n of synchronous 
f l i g h t muscle has been emphasised by the study of MARUYAHA e_t a l . 
(1968), who found t h a t the actomyosin ATPase of synchronous f l i g h t 
muscle i n L o c u s t a was more s e n s i t i v e to Ca than t h a t of asynchronous 
f l i g h t muscle of Apis m e l l i f e r a . They concluded t h a t t h i s d i f f e r e n c e 
may be r e l a t e d to the v a r i a t i o n i n the s t r u c t u r a l f e a t u r e s of these 
two muscles and t h a t SR development i s of g r e a t importance i n the 
f u n c t i o n of mature L o c u s t a f l i g h t muscle. 
The p r e s e n t study has been c a r r i e d out to extend our knowledge 
of the developmental changes i n f i n e s t r u c t u r e and m i t o c h o n d r i a l 
f u n c t i o n , and to d i s c u s s the c o o r d i n a t i o n between s t r u c t u r e and f u n c t i o n 
i n L o c u s t a f l i g h t muscle during the f i r s t week of a d u l t l i f e . The 
r e s u l t s of t h i s study are pr e s e n t e d i n th r e e p a r t s each of which w i l l 
be introduced s e p a r a t e l y (Chapters 3, 4 and 5 ) . 
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CHAPTER 2 
GENERAL MATERIALS AND METHODS 
Maintenance of the i n s e c t s 
( i ) I n s e c t a r y 
The i n s e c t a r y was maintained a t a temperature of 30 ± 0„5°C and 
60 ± 5% r e l a t i v e humidity. C i r c u l a t i o n of a i r was maintained by t h r e e 
l a r g e e l e c t r i c f ans and a s l i g h t continuous a i r exchange was e f f e c t e d by 
means of an E x p e l a i r ventilator„ A c o n s t a n t photoperiod of 12 hours l i g h t 
and 12 hours dark was maintained, 
( i i ) Stock animals 
A p o p u l a t i o n of L o c u s t a m i g r a t o r i a m i g r a t o r i o i d e s R and F, phase 
g r e g a r i a was r e a r e d i n cages (43cm x 58cm x 58cm) s u p p l i e d by P h i l i p H a r r i s 
B i o l o g i c a l L t d . Each cage was i l l u m i n a t e d by a s i n g l e 40 watt bulb. Food 
i n the form of green g r a s s was s u p p l i e d d a i l y . There was c o n s i d e r a b l e 
l o c a l v a r i a t i o n i n temperature and humidity w i t h i n the cages due to the 
presence of the bulb. I n a d d i t i o n , the r e l a t i v e humidity a l s o i n c r e a s e d 
when f r e s h food was s u p p l i e d . 
Throughout t h e i r development animals were r e a r e d a t s u f f i c i e n t l y high 
d e n s i t y to ensure t h e i r remaining phase g r e g a r i a (JOLY and JOLY, 1953). 
( i i i ) Sampling of s t o c k p o p u l a t i o n 
A population was prepared f o r sampling by removing a l l 5th i n s t a r 
i n s e c t s at 9 a.m. The population was then examined a t 24 hour i n t e r v a l s 
(9 a.m. each day) and a l l 5th i n s t a r l o c u s t s were removed and p l a c e d i n 
c y l i n d r i c a l cages (42cm high x 23cm diameter) made of aluminium and a c e t a t e 
s h e e t . Thus the time of e c d y s i s must l i e between the time the i n s e c t was 
removed and the p r e v i o u s i n s p e c t i o n . The mid-point of t h i s p e r i o d was 
taken as the time of e c d y s i s and the i n s e c t was aged as 12 hours ± 12 hours 
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( f i r s t day 5th ins t a r ) a t t h i s time. When adult locusts were required 
the procedure was the same except that a l l adult locusts were i n i t i a l l y 
removed from the population. 
Treatment of glassware 
A l l routine glassware was soaked overnight i n a 2% (w/v) solution 
of laboratory detergent 'Quadralene', rinsed s i x times i n hot water, s i x 
times i n cold tap water and f i n a l l y rinsed four times i n d i s t i l l e d water. 
Glassware was then oven dried. Glass/Teflon homogenizers and polycarbonate 
centrifuge tubes were allowed to drain at room temperature. A l l glassware 
used i n l i p i d experiments was soaked i n 50% aqueous n i t r i c acid (AnalaR 
grade) then rinsed as above. Chromatography tanks and plates were l e f t 
to drain at room temperature, whilst the r e s t of the glassware was 
dried i n an oven. 
Chemicals 
A l l chemicals were the purest grade commercially available. 
Pyruvic acid (sodium s a l t ) , proline, DL a-glycerophosphate (a-GP) 
(disodium s a l t ) , succinate, glutamic acid (mono-sodium s a l t ) , T r i s 
(hydroxymethyl) amino-methane (Trizma base), bovine serum albumen (BSA) 
(Fraction V, 69-99%), disodium adenosine triphosphate, disodium 
adenosine-5'-diphosphate (Sigma grade), ethyleneglycol-bis (0-amino-
ethylether), N, N-tetra-acetic acid (sodium s a l t ) , imidazole (Free base 
and grade 1) and carbonyl-cyanide-p-trifluoro-methoxy-phenylhydrazone 
were purchased from Sigma Chemical Co. Ltd. (Kingston-upon-Thames, Surrey). 
C i r r a s o l ALN-WF was a g i f t from I C I Ltd., Dyestuffs Division. 
Radiochemicals were obtained from the Radiochemical Centre, Amersham, 
Bucks. Nagarse was obtained from Hughes & Hughes (Enzymes) Ltd. A l l 
other chemicals were of a n a l y t i c a l reagent grade and were obtained from 
Boehringer Chem. Co. Ltd. A l l solutions were prepared i n deionised -
d i s t i l l e d water or d i s t i l l e d water. 
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Preparation of mitochondria 
The method used employed the proteolytic enzyme, Nagarse, which 
was f i r s t used i n the preparation of mitochondria from muscle ti s s u e 
by CHANCE and HAGIHARA (1961). The essence of t h i s method i s the 
digestion of the myofibrils such that minimal mechanical force i s 
necessary to e f f e c t homogenization. Consequently mitochondrial damage 
i s reduced during i s o l a t i o n . The method also obviates the necessity for 
a low speed centrifugation, which i s unsuccessful i n preparing mitochondria 
from insect f l i g h t muscle (CHAPPELL and HANSFORD, 1972). 
In ice-cold conditions (0-4°C) (unless otherwise stated) 8 locusts 
(4 males + 4 females) were decapitated by twisting t h e i r heads 90° i n one 
di r e c t i o n and then 90° i n the other d i r e c t i o n . The posterior t i p of the 
abdomen was severed with a p a i r of s c i s s o r s and the head removed with the 
gut attached to i t . The thorax and abdomen were then cut open v e n t r a l l y . 
The thorax was opened and the f a t body removed c a r e f u l l y with t i s s u e 
paper. Small clean fine forceps were used to cut loose the f l i g h t muscles, 
f i r s t l a t e r a l l y and then i n the middle. The muscles were immediately 
transferred to a small beaker containing 10cm3 of i s o l a t i o n medium (0-4°C) 
composed of 0.32M sucrose, ImM EDTA, 5mM Tris/HCl (pH 7.3). When a l l the 
muscles had been removed, they were transferred to a glass homogenizer and 
5mg of Nagarse dissolved i n 6cm3 i s o l a t i o n medium was added. After two 
passes of the Teflon pestle, by hand, the t i s s u e was allowed to digest 
for 6 minutes at 0-4°C. During t h i s time 2-3 further passes of the pestle 
were carr i e d out, again by hand. The r e s u l t i n g suspension was f i l t e r e d 
through four layers of muslin (which had previously been boiled i n 
d i s t i l l e d water and soaked i n ice-cold i s o l a t i o n medium). The residue 
was then washed with another 4cm3 of medium and gently squeezed to expel 
the f i l t r a t e . The two f i l t r a t e s were "pooled" and centrifuged at 4,000g 
for 8 minutes i n an MSE High Speed 18 centrifuge at 0-4°C. The 
supernatant was discarded and any f a t t y deposits on the wall of the tubes 
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removed with a clean paper t i s s u e . The mitochondrial p e l l e t was 
resuspended i n about 10cm3 i s o l a t i o n medium using a Pasteur pipette 
and recentrifuged as before. The f i n a l p e l l e t was washed very gently 
by shaking with a small volume of i s o l a t i o n medium to remove the 
" f l u f f y " layer on the top of the p e l l e t . The f i n a l p e l l e t was 
resuspended i n an appropriate volume of i s o l a t i o n medium to give a 
mitochondrial protein suspension of approximately 3-20mg/cm3. 
Measurement of oxidation phosphorylation 
Oxidative phosphorylation was measured polarographically a t 30°C 
using an oxygen electrode. Two reaction media were normally used. 
( i ) 154mM KC1 
30mM Tris/HCl (pH 7.3) at 30°C 
0.04% BSA 
30mM K HPO, 2 »• 
( i i ) 15mM KC1 
2mM EDTA 
5mM MgCl 2 
30mM K2HP0^ 
50mM Tris/HCl (pH 7.3) at 30°C 
0.12% BSA 
The medium was thoroughly equilibrated to 30°C for several hours to 
saturate i t with a i r . 
Description of the oxygen electrode 
Measurements of oxygen concentration were carried out using a 
Rank oxygen electrode (Rank Bros., Cambridge) which i s of similar 
design to the Clarke oxygen electrode (CLARKE, 1956). I t consists of 
a perspex reaction chamber surrounded by a water jacket which screws 
onto a perspex base i n which a platinum cathode and s i l v e r anode i s 
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situated (Fig. 2.1) . When i n use both were covered with a few drops 
of ImM KC1 and f i n a l l y a Teflon membrane. The perspex screw cap, 
f i t t e d to the top of the reaction chamber, has a small hole through 
the centre to allow additions to be made to the reaction mixture. 
The l a t t e r i s s t i r r e d continuously using a magnetic s t i r r e r (Rank 
Bros., Cambridge). 
The p r i n c i p l e of the oxygen electrode has been described by 
DAVIES and BRINK (1943). When a pol a r i s i n g voltage of 0.6 v o l t s i s 
applied between the two electrodes, the platinum being negative to the 
s i l v e r , oxygen undergoes an e l e c t r o l y t i c reduction. 
0 2 + 2e~ + 2H + — • H 2 O 2 
H 20 2 + 2e~ + 2H + BB- 2H20 
The current produced i s d i r e c t l y proportional to the oxygen concentration 
of the reaction medium. 
The current flowing through the electrode system was passed through 
a h e l i c a l potentiometer i n s e r i e s with the platinum electrode and the 
voltage developed across t h i s resistance was fed into a Servoscribe 
recorder (Goerz El e c t r o n ) . At 2mV f u l l scale deflection, the recorder 
baseline was set by reducing the mixture i n the reaction chamber with 
sodium dithionate. This e f f e c t i v e l y reduced the current across the 
electrode to zero. The chamber was then washed thoroughly and 2cm3 
reaction medium (saturated with air) pipetted into the reaction chamber. 
The potential was then adjusted with the h e l i c a l potentiometer to give 
f u l l scale deflection on the recorder chart. 
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Figure 2.1. Diagram of the oxygen electrode used. 
1. Screw cap 
2. Constant temperature jacket 
3. Water i n 
4. Water out 
5. Reaction chamber 
6. Platinum electrode (cathode) 
7. Annular s i l v e r electrode (anode) 
8. Magnetic s t i r r e r base 
9. Lead i n to recorder 
10. Teflon membrane 
11. Locking ring 
12. Magnetic s t i r r e r 
13. Rubber ring 
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Polarographic measurement of oxygen consumption and method of 
ca l c u l a t i n g QQol RCR and ADP;0 r a t i o 
2cm3 of reaction mixture (unless otherwise stated) were pipetted 
into the reaction chamber. The perspex screw cap was replaced such that 
a l l a i r bubbles were removed. The reaction medium was allowed to r i s e 
about 5mm up to the c e n t r a l hole of the screw cap to minimize contact 
between the reaction medium and the atmosphere. After about one minute 
the recorder was adjusted using the h e l i c a l potentiometer to give f u l l 
d eflection. Oxygen uptake from the medium was followed by determining 
the rate of change of the reading on the pen recorder a f t e r the 
following additions. 
1) lOOyl (unless otherwise stated) mitochondrial suspension 
2) lOyl of substrate solution (either DL-a-glycerophosphate (a-GP), 
glutamate, pyruvate plus proline or succinate). 
3) 5 or lOyl of 5mM ADP solution made up i n 30mM phosphate buffer 
(pH 6.8 at 0-4°C). 
The additions were made by a Hamilton microsyringe. Care was taken to 
ensure that a l l a i r bubbles were expelled from the microsyringe and that 
the needle did not damage the Teflon membrane over the electrodes. 
Endogenous rates were neglected throughout t h i s study. The rate which 
followed the addition of substrate (or a f t e r ADP expenditure) i s c a l l e d 
the substrate rate ( i . e . state 4 of CHANCE and WILLIAMS (1955a)). The 
rate which follows the addition of ADP i s c a l l e d the ADP rate (state 3, 
CHANCE and WILLIAMS, 1955a). 
: represents mitochondrial oxygen consumption expressed i n terms 
of ug atom oxygen consumed per mg of mitochondrial protein per hour. 
I t can be calculated from the following equation:-
13 
P x C x 60 
00 where 
R - r x p r o t e i n c o n c e n t r a t i o n 
P = r a t e of change of d e f l e c t i o n ( d i v i s i o n s / m i n u t e ) 
C = i n i t i a l oxygen content i n the r e a c t i o n mixture saturated 
a t 30°C which has been c a l c u l a t e d from r e s u l t s given by 
DAVISON (1970) t o be 0.43yg atom oxygen per cm3 a t 30°C. 
R = f u l l scale reading f o r the oxygen saturated mixture 
r = scale reading obtained f o l l o w i n g a d d i t i o n o f sodium 
d i t h i o n a t e or a t anaerobiosis. 
RCR : This i s d e f i n e d as the r a t i o o f the r e s p i r a t o r y r a t e i n the 
presence of added ADP ( s t a t e 3) t o the r a t e observed f o l l o w i n g i t s 
expenditure ( s t a t e 4) (CHANCE and WILLIAMS, 1956). 
I n some experiments ( p a r t i c u l a r l y those i n v o l v i n g 5th i n s t a r 
or young a d u l t l o c u s t s ) the increased r a t e a f t e r ADP a d d i t i o n d i d 
not r e t u r n t o a s t a t e 4 l e v e l . Consequently, i t was not p o s s i b l e t o 
measure RCR as i n d i c a t e d above. Under these c o n d i t i o n s RCR was 
estimated by using the r a t i o o f r e s p i r a t o r y r a t e i n the presence of 
ADP t o the r e s p i r a t o r y r a t e observed before i t s a d d i t i o n . 
ADP:0 r a t i o : This i s defined as the number of umoles of ADP e s t e r i f i e d 
t o ATP f o r each ug atom of oxygen consumed. ADP:0 r a t i o have been 
c a l c u l a t e d throughout t h i s study using the method described by CHANCE 
and WILLIAMS (1955b) which r e l a t e s the amount of oxygen consumed during 
s t a t e 3 r a t e of r e s p i r a t i o n t o the amount of ADP added. 
State 3 r a t e 
i . e . RCR = 
State 4 r a t e 
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Determination of p r o t e i n c o n c e n t r a t i o n 
The Folin-phenol method o f LOWRY e_t a l . (1951) was used w i t h 
s l i g h t m o d i f i c a t i o n (KASHMEERY, 1977). BSA ( F r a c t i o n V) was used as 
standard f o r c a l i b r a t i o n curves. 
S o l u t i o n 
a) 20% (w/v) sodium carbonate 
0.2% (w/v) sodium potassium t a r t r a t e 
b) 2% (w/v) c u p r i c sulphate 
c) This was made up as f o l l o w s : 
5 volumes of A + 0.5 volumes of B + 20 volumes d i s t i l l e d 
water 
d) This was made up by d i l u t i n g 1 volume o f Folin-Ciocalteau's 
phenol reagent w i t h 10 volumes of d i s t i l l e d water 
Method 
The m i t o c h o n d r i a l suspension was d i l u t e d w i t h d i s t i l l e d water t o 
give less than 400yg/cm 3, which i s the highest c o n c e n t r a t i o n of the 
standards. The l a t t e r were made by making a s e r i a l d i l u t i o n from 
400yg/cm BSA t o give 300, 200, 150, 100 and Oyg/cm . I n some cases 
when the p r o t e i n c o n c e n t r a t i o n was l i k e l y t o be less than lOOyg/cm , 
a f u r t h e r s e r i a l d i l u t i o n was made t o give standards of 100, 75, 50, 
25 and Oyg/cm3. 
A 1cm3 of mixture c) was added t o 1cm3 of each of the p r o t e i n 
s o l u t i o n s and the m i t o c h o n d r i a l suspension (or sarcoplasmic r e t i c u l u m 
fragments) and allowed t o stand a t room temperature f o r 15 minutes. Then 
1cm3 of reagent d) was added and allowed t o stand f o r a f u r t h e r 30 
minutes. The s o l u t i o n was then poured i n t o a glass cuvette (1.0cm 
length) and the o p t i c a l d e n s i t y measured against water a t 700nm i n a 
C e c i l CE 292 spectrophotometer. The r e l a t i o n s h i p between the p r o t e i n 
c o n c e n t r a t i o n and o p t i c a l d e n s i t y w i t h the high and low p r o t e i n 
concentrations are shown i n Figures 2.2 and 2.3, r e s p e c t i v e l y . 
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Figure 2.2. Representative p r o t e i n c a l i b r a t i o n curve f o r 
low p r o t e i n c o n c e n t r a t i o n . 
Figure 2.3. Representative p r o t e i n c a l i b r a t i o n curve f o r 
h i g h p r o t e i n c o n c e n t r a t i o n . 
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CHAPTER 3 
STUDIES ON DEVELOPMENTAL CHANGES IN FLIGHT MUSCLE FINE 
STRUCTURE, FATTY ACIDS OF MITOCHONDRIAL 
PHOSPHOLIPIDS AND PROTEIN SYNTHESIS 
I n t r o d u c t i o n 
L i g h t microscope studies have made i t p o s s i b l e t o d i s t i n g u i s h 
t h r e e broad categories of f l i g h t muscle; t u b u l a r , close-packed and 
f i b r i l l a r . Tubular muscle f i b r e s are found i n the Odonata, close-packed 
f i b r e s are t y p i c a l o f the Orthoptera, T r i c h o p t e r a and Lepidoptera w h i l s t 
f i b r i l l a r muscles are found only i n higher i n s e c t orders v i z . D i p t e r a , 
Hymenoptera, Hemiptera and Coleoptera. Of the three h i s t o l o g i c a l groups 
of muscles, t u b u l a r and close-packed f i b r e s are f u n c t i o n a l l y described as 
synchronous muscle, im p l y i n g a 1:1 r e l a t i o n s h i p between the frequency 
of motor nerve impulses and the mechanical response. I n c o n t r a s t , i n 
f i b r i l l a r muscle the c o n t r a c t i o n frequency g r e a t l y exceeds and i s 
r e l a t i v e l y independent of the motor nerve impulses (PRINGLE, 1957, 1965; 
SMITH, 1966a). Such muscles are s a i d t o be asynchronous and t h e i r 
s t r u c t u r e i s w e l l known from the stu d i e s of TIEGS (1955), SMITH (1961a, 
1966a), SHAFIQ (1963, 1964), ASHHURST (1967), SMITH and SACKTOR (1970) 
and BAKER (1976). 
D e t a i l e d u l t r a s t r u c t u r a l s t u d i e s of the f l i g h t muscles of various 
members of the Odonata (SMITH, 1961b,1966a, 1966b; AUBER, 1967a), 
Orthoptera (BROSEMER e t a l . , 1963; BUCHER, 1965; RICHARD e t a l . , 1971; 
ANSTEE, 1971; ELDER, 1971), D i c t y o p t e r a (HAGOPIAN and SPIRO, 1968) and 
Lepidoptera (SMITH, 1962; AUBER, 1967a,b; REGER, 1967; REGER and COOPER, 
1967; BIENZ-ISLER, 1968a,b) have revealed the p r i n c i p a l f e a t u r e s of these 
synchronous muscles (see also review by ELDER, 1975). These include the 
presence o f a we11-developed sarcoplasmic r e t i c u l u m which forms a 
fe n e s t r a t e d c u r t a i n around the m y o f i b r i l s (HAGOPIAN and SPIRO, 1967; 
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ANSTEE, 1971; ELDER, 1971). The T-system a r i s e s from i n v a g i n a t i o n s of 
the c e l l membrane and t h i s forms dyadic j u n c t i o n s w i t h the s a r c o p l a s m i c 
r e t i c u l u m (SR) a t the l e v e l of the A-bands. Dyadic associations between 
the T-tubules and the SR membranes thus occur twice per sarcomere l e n g t h 
(ELDER, 1971, 1975; HUDDART, 1975). 
There i s now much evidence to i n d i c a t e t h a t the SR and the T-system 
are i n v o l v e d both i n the t r a n s m i s s i o n and spread of e x c i t a t i o n from the 
muscle c e l l membrane to the c o n t r a c t i l e elements of the m y o f i b r i l s and 
i n t h e i r subsequent r e l a x a t i o n (see reviews by SANDOW, 1965, 1970, 1973; 
REUBEN e t a l . , 1967; BIANCHI, 1968, 1969; AIDLEY, 1975, HUDDART, 1975; 
EBASHI, 1976; ENDO, 1977). I t seems t h a t the T-system a c t s by 
c h a n n e l l i n g an e l e c t r i c a l s i g n a l deep i n t o the muscle c e l l (COSTANTIN, 
1970) ? BASTIAN and NAKAJIMA, 1974). The e l e c t r i c a l s i g n a l a r i s e s as a 
d e p o l a r i z a t i o n of the c e l l s u r f a c e membrane and t h i s s i g n a l t r i g g e r s 
the c o n t r a c t i l e mechanism. I t i s suggested t h a t the s i g n a l induces 
the sudden r e l e a s e o f C a 2 + from the c i s t e r n a e of the SR. These C a 2 + 
are e s s e n t i a l f o r the s p l i t t i n g of ATP by myosin and the subsequent 
r e l e a s e of energy which i s employed i n c o n t r a c t i o n (SMITH, 1968; ADRIAN 
e t a l . , 1969a,b). R e l a x a t i o n occurs when the C a 2 + a r e pumped back i n t o 
the c i s t e r n a e of the SR (HASSELBACH, 1964a;TSUKAMOTO e t a l . , 1966). 
The supply of energy (ATP) i s of course maintained by the muscle 
mitochondria. 
I n view of the importance of the SR, T-system and mitochondria i n 
muscle f u n c t i o n , i t i s not too s u r p r i s i n g to d i s c o v e r t h a t s t r u c t u r a l 
v a r i a t i o n i n these components can be r e l a t e d t o the a c t i v i t y of the 
muscle f i b r e . Thus i n Neoconocephalus robustus i t i s suggested (ELDER, 
1971) t h a t the high i n c i d e n c e of T-tubule i n v a g i n a t i o n s i n the 
mesothoracic f l i g h t muscles i s an adap t a t i o n f o r a c h i e v i n g a r a p i d and 
even spread of e x c i t a t i o n throughout the f i b r e . S i m i l a r l y , i n v e r t e b r a t e 
s t r i a t e d muscle, f a s t a c t i n g f i b r e s are c h a r a c t e r i s e d by a prominent 
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T-system and by the r e g u l a r occurrence of t r i a d s and dyads i n r e l a t i o n 
t o the band p a t t e r n of the m y o f i b r i l s (FAWCETT and REVEL, 1961; REVEL, 
1961; HESS, 1965). The r e l a t i v e volume o f the SR i s also somewhat 
greater i n f a s t - a c t i n g ( w i t h the exception of asynchronous f l i g h t muscle) 
r a t h e r than slow-acting muscle (PORTER, 1961; GRINYER and GEORGE, 1969; 
PAGE, 1969). I t i s suggested t h a t the g r e a t l y increased r a t i o o f SR 
surface area t o myofilament number (SR occupies approx. 19% of t o t a l 
f i b r e volume; the myofilaments occupy approx. 36% of t o t a l f i b r e volume) 
i s an adaptation t o decrease the delay between s t i m u l a t i o n and the release 
of t h a t q u a n t i t y of Ca^ + necessary t o i n i t i a t e the mechanical response 
(ELDER, 1971). Other d i f f e r e n c e s found by PEACHEY and HUXLEY (1962), 
and associated w i t h slow f i b r e s i n v e r t e b r a t e s , are a p a u c i t y of 
mitochondria, lack o f an M-line, weakly defined H-bands and r e l a t i v e l y 
t h i c k Z-bands. I n general these features apply t o i n v e r t e b r a t e muscle 
also (HAGOPIAN and SPIRO, 1967; JAHAROMI and ATWOOD, 1969; ROSENBLTH, 
1969; COHRONE e t a l . , 1972; HUDDART and OATES, 1970; ANSTEE, 1971; 
ELDER, 1971). F a s t - a c t i n g muscle contains a r i c h e r supply of mitochondria, 
smaller sarcomeres and a more ordered array of t h i n t o t h i c k f i l a m e n t s 
(3:1) than slow-acting muscle (SMITH, 1968; ELDER, 1975). 
Numerous u l t r a s t r u c t u a l studies on f l i g h t muscle development have 
been c a r r i e d out on a v a r i e t y of d i f f e r e n t species of in s e c t s , f o r example, 
Drosophila melanogaster (SHAFIQ, 1963, 1964), Hyalophora cecropia 
(MICHEJDA, 1964), Apis m e l l i f e r a (HEROLD, 1965), L u c i l i a cuprina (GREGORY 
e t a l . , 1968) , Antherea p e r n y i (BIENZ-ISLER, 1968), Le p t i n o t a r s a decemlineata 
(DE KORT, 1969), Homorocoryphus n i t i d u l u s (ANSTEE, 1971) , Schistocerca 
g r e g a r i a (RICHARD e t a l . , 1971), Attagenus megatoma (BUTLER and NATH, 1972), 
C a l l i p h o r a erythrocephala (ASHHURST, 1967; TRIBE and ASHHURST, 1972), 
Musca domestica (SOHAL, 1976) and Manduca sexta (RHEUBEN and KAMMER, 1980). 
The general conclusion i s t h a t as development proceeds there i s a marked 
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i n c r e a s e i n the s i z e of the m y o f i b r i l s and mitochondria, and t h a t the 
d e n s i t y of the m i t o c h o n d r i a l c r i s t a e i n c r e a s e s . Changes a r e a l s o noted 
i n the SR and the T-system (SMITH, 1961c,1965; BUCHER, 1965; BIENZ-ISLER, 
1968a,DE KORT, 1969; RHEUBEN and KAMMER, 1980; see a l s o review by 
FINLAYSON, 1975). I n g e n e r a l , f l i g h t muscle development, i n l o c u s t s , 
i s completed w i t h i n 7-8 days a f t e r the f i n a l e c d y s i s by which time the 
v a r i o u s c e l l u l a r components have developed t h e i r t y p i c a l a d u l t q u a l i t i e s 
(BROSMER e t a l . , 1963; BUCHER, 1965; KLEINOW e t a l . , 1970; RICHARD 
e t a l . , 1971; TANGUAY and CHAUDHARY, 1971; BEENAKKERS e t a l . , 1975). 
The use of r a d i o a c t i v e l a b e l l i n g i n in_ v i v o experiments i s perhaps 
the n e a r e s t the b i o l o g i s t can come to o b t a i n i n g i n f o r m a t i o n about the 
c e l l without d i s t u r b i n g i t (ROODYN and WILKIE, 1968) . I t has been 
rep o r t e d t h a t , i n L o c u s t a m i g r a t o r i a , during the p e r i o d of maximal 
b i o s y n t h e t i c a c t i v i t y which takes p l a c e w i t h i n the f i r s t few days of 
a d u l t l i f e , the e x t e n t of the i n c o r p o r a t i o n of l l + C - i s o l e u c i n e i n t o f l i g h t 
muscle m i t o c h o n d r i a l p r o t e i n , i n v i v o (BUCHER, 1965) and i n v i t r o 
(BRONSERT and NEUPERT, 1966), i s g r e a t e r than when the mitochondria have 
become f u l l y developed. S i m i l a r r e s u l t s were observed during the 
i n c o r p o r a t i o n of l l * C - s e r i n e i n t o m i t o c h o n d r i a l p h o s p h o l i p i d s (BYGRAVE 
and KAISER, 1969) and v a r i o u s p r o t e i n f r a c t i o n s of f l i g h t muscle during 
development (KLEINOW e t a l . , 1970). 
I t has been long r e c o g n i s e d t h a t l i p i d s p l a y an important r o l e i n 
determining s p a t i a l c o n f i g u r a t i o n and f u n c t i o n of mitochondria; mitochondria 
d e p l e t e d of ph o s p h o l i p i d s a r t i f i c i a l l y , r u pture and l o s e almost a l l 
r e s p i r a t o r y a c t i v i t y (PETRUSKKA e t a l . , 1959; FLEISHER e t al_. , 1962). More 
r e c e n t l y , VAN DEENEN (1972) has pointed out t h a t the f a t t y a c i d composition 
of membrane pho s p h o l i p i d s a r e important i n determining the p e r m e a b i l i t y of 
membranes. I t i s suggested t h a t membranes c o n t a i n i n g phospholipids r i c h 
i n u n s a t u r a t e d f a t t y a c i d s w i l l be more " f l u i d " (PASTERRAK, 1977) and 
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hence more permeable than membranes c o n t a i n i n g phospholipids r i c h i n 
saturated f a t t y acids (CHERQI e t a l . , 1979). 
The present study has been c a r r i e d out t o determine the changes 
i n f i n e s t r u c t u r e and p r o t e i n metabolism which occur i n the e a r l y days 
of a d u l t l i f e , i n Locusta m i g r a t o r i a . I n a d d i t i o n , since the f a t t y a c i d 
composition of membrane phospholipids i s important i n determining 
membrane f l u i d i t y (and hence p e r m e a b i l i t y ) , the f a t t y a c i d composition 
o f m i t o c h o n d r i a l phospholipids has been studied t o determine what changes 
take place i n a s s o c i a t i o n w i t h m i t o c h o n d r i a l growth and development. 
M a t e r i a l s and Methods 
E l e c t r o n microscopy 
Adult male l o c u s t s , Locusta m i g r a t o r i a m i g r a t o r i o i d e s R and F, 
aged 1-6 days, were k i l l e d by t w i s t i n g t h e i r heads 90° i n one d i r e c t i o n 
and then 90° i n the opposite d i r e c t i o n . This broke the "neck" membrane 
but allowed the gut t o remain attached t o the head. The p o s t e r i o r t i p 
o f the abdomen was then severed and the gut drawn out ( s t i l l attached 
t o the head). The thorax was then cut open v e n t r a l l y and pinned out on 
a cork board, p r i o r t o the a p p l i c a t i o n of i c e - c o l d (0-4°C) f i x a t i v e , t o 
reduce muscle c o n t r a c t i o n d u r i n g f i x a t i o n . The musculature was covered 
w i t h 2.5% glutaraldehyde f i x a t i v e (see Appendix 3.1) and a f t e r 15 minutes 
the median d o r s a l l o n g i t u d i n a l i n d i r e c t f l i g h t muscles of both the 
meso- and meta-thoraces were dissected out and placed i n a f r e s h c o l d 
f i x a t i v e a t 0-4°C o v e r n i g h t . The t i s s u e was then washed i n several 
changes of c o l d 0.1M sodium cacodylate b u f f e r (pH 7.3) f o r t o t a l o f 
6-8 hours followed by p o s t - f i x a t i o n f o r 2 hours i n 1% osmium t e t r o x i d e 
i n 0.1M sodium cacodylate b u f f e r (pH 7.3) a t room temperature (ca. 20°C). 
Following dehydration through a graded s e r i e s of ethanol s o l u t i o n s , the 
muscles were passed through propylene oxide and embedded i n Epon 812 
epoxy r e s i n . Sections were cut on a Reichert NK u l t r a t o m e , mounted 
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on uncoated copper g r i d s and sta i n e d i n u r a n y l acetate f o l l o w e d by 
lead c i t r a t e (REYNOLDS, 1963). They were then examined i n an AEI 801 
e l e c t r o n microscope. 
Preparation of m i t o c h o n d r i a l p e l l e t s f o r e l e c t r o n microscopy 
M i t o c h o n d r i a l p e l l e t s were i s o l a t e d from a d u l t l o c u s t s , aged 1-6 
days, as described p r e v i o u s l y (see General M a t e r i a l s and Methods). 
P e l l e t s were f i x e d i n 2.5% glutaraldehyde i n 0.1M sodium cacodylate 
b u f f e r (pH 7.3) as described above. Care was taken t o examine sections 
taken a t various l e v e l s through the p e l l e t s . 
Estimat i o n of m i t o c h o n d r i a l size 
Two d i f f e r e n t methods were used t o measure m i t o c h o n d r i a l s i z e : -
( i ) M i t o c h o n d r i a l size was determined by measuring t h e i r maximum and 
minimum diameters as seen i n e l e c t r o n micrographs of transverse sections 
through f l i g h t muscles. S i m i l a r methods have been used i n measuring 
m i t o c h o n d r i a l s i z e i n C a l l i p h o r a erythrocephala f l i g h t muscles (TRIBE and 
ASHHURST, 1972) and Calpodes e t h l i u s f a t body (LARSEN, 1970). Only w e l l 
f i x e d mitochondria w i t h d i s t i n c t double membranes and c r i s t a e were 
measured. M i t o c h o n d r i a l s i z e was expressed as the mean p r o f i l e diameter 
( i . e . maximum + minimum diameter / 2 ) . 
( i i ) M i t o c h o n d r i a l size was estimated by t r a c i n g m i t o c h o n d r i a l p r o f i l e s 
from e l e c t r o n micrographs of transverse sections through f l i g h t muscle on 
t o standard paper. The t r a c i n g s were then c u t out and weighed; a s i m i l a r 
method t o t h a t used by FORBES e t al_. , (1972) . The r e s u l t s were expressed 
i n a r b i t r a r y u n i t s . This method was also a p p l i e d t o sections through 
m i t o c h o n d r i a l p e l l e t s . 
E s t i m a t i o n of m y o f i b r i l s i z e 
M y o f i b r i l s i z e was estimated using e s s e n t i a l l y the same method 
described i n ( i i ) above. 
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T r a c i n g s from e l e c t r o n micrographs of t r a n s v e r s e s e c t i o n s 
through f l i g h t muscles were cut out, weighed and the m y o f i b r i l s i z e 
expressed i n a r b i t r a r y u n i t s . 
Sarcomere l e n g t h s were determined from measurements made on 
e l e c t r o n micrographs of l o n g i t u d i n a l s e c t i o n s through f l i g h t muscles. 
R e l a t i v e composition of f l i g h t muscle 
The r e l a t i v e volumes of the v a r i o u s o r g a n e l l e s (excluding n u c l e i ) 
p r e s e n t i n L o c u s t a f l i g h t muscle ( v i z . m y o f i b r i l s , mitochondria and 
s a r c o p l a s m i c r e t i c u l u m p l u s the T-system) and the t r a c h e o l e s p r e s e n t 
w i t h i n the muscle f i b r e s were estimated u s i n g e s s e n t i a l l y the same 
method as ( i i ) above. The r e s u l t s were expressed i n terms of the 
percentage t o t a l muscle volume. 
The determination of ^ C - l e u c i n e i n c o r p o r a t i o n i n t o f l i g h t muscle 
m i t o c h o n d r i a l p r o t e i n s 
Adult animals of known age (see Chapter 2) were i n j e c t e d w i t h 
l O u l of 2% e t h a n o l c o n t a i n i n g L - { u - 1 1 + C } - l e u c i n e ( r a d i o a c t i v e 
c o n c e n t r a t i o n 50uCi/ml; s p e c i f i c a c t i v i t y 354mCi/nmole) us i n g a 50ul 
Hamilton m i c r o s y r i n g e . The needle was i n s e r t e d i n t o the abdomen, 
v e n t r o - l a t e r a l l y , between the 3rd-4th abdominal s c l e r i t e s . F o l l o w i n g 
i n j e c t i o n , the l o c u s t s were r e t u r n e d to the i n s e c t a r y a t 30 ± 0.5°C and 
2 animals (1 male + 1 female) were k i l l e d as d e s c r i b e d p r e v i o u s l y a t 
each of the f o l l o w i n g times a f t e r i n j e c t i o n ; 30 s e c , 30 min, 1 hr, 3 h r s , 
5 h r s and 24 h r s . The f l i g h t muscles were then d i s s e c t e d out, "pooled" 
and the mitochondria i s o l a t e d (see Chapter 2 ) . The washed m i t o c h o n d r i a l 
p e l l e t was then p r o c e s s e d u s i n g e s s e n t i a l l y the same methods d e s c r i b e d 
by TRIBE and ASHHURST (1972). The p e l l e t was homogenized i n 1% t r i c h l o r o -
a c e t i c a c i d (TCA) and c e n t r i f u g e d a t 600 r.p.m. f o r 10 minutes. The 
p r e c i p i t a t e was then washed with 10% TCA a t 100°C. A f t e r c o o l i n g the 
p r o t e i n p r e c i p i t a t e was c e n t r i f u g e d down again and d i s s o l v e d i n 0.5cm 3 
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0.4N sodium hydroxide, overnight at room temperature (ca. 20°C). 
0.1cm3 aliquots were taken and placed i n glass l i q u i d s c i n t i l l a t i o n 
counting v i a l s and 15cm3 of NE 262 s c i n t i l l a t i o n c o c k t a i l (Nuclear 
Enterprise Ltd.) were added to each v i a l . The samples were then 
counted i n a beta/gamma spectometer (NE 8312, Nuclear Enterprise Ltd.). 
Counts per minute were converted to disintegrations per minute by 
reference to a quench correction curve (Fig. 3.1). 
The determination of ^C-leucine incorporation i n t o t o t a l f l i g h t 
muscle protein 
The method used was essentially as described i n ( i ) above. The 
f l i g h t muscles were dissected out and homogenized i n 10% TCA. After 
centrifugation, the precipitate was treated as described above except 
that the f i n a l p e l l e t was dissolved i n 4cm3 of 0.4N sodium hydroxide. 
0.2cm3 samples i n 15cm3 of the same s c i n t i l l a t i o n c o c k t a i l were counted 
and corrected f o r quenching as already described. The results presented 
i n Figures 3.56 a,b,c and d are the mean values of two independent 
determinations and are expressed as disintegrations per minute per 
mg protein. 
Protein assay 
The protein concentration was estimated as described i n the 
General Materials and Methods (Chapter 2). 
Analysis of the f a t t y acid composition of phospholipids extracted from 
f l i g h t muscle mitochondria at d i f f e r e n t ages 
A) Extraction of l i p i d s 
Mitochondrial p e l l e t s were isolated from animals of known age as 
already described i n the General Materials and Methods (Chapter 2). 
These were subjected to two additional washes p r i o r to l i p i d extraction 
which was carried out using the method of LEWIS (1978). Mitochondria were 
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Figure 3.1. Quench-correction graph. 
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homogenized i n extraction medium I consisting of 33cm3 chloroform, 17cm3 
methanol and 50mg of the antioxidant, 2,6-ditertiary butyl-para-cresol 
(BHT). The homogenate was then centrifuged at 5000 r.p.m. for 10 minutes 
i n a "Mistral 2L" centrifuge. The res u l t i n g p e l l e t was re-extracted 
with fresh extraction medium I and following centrifugation the two 
supernatants were combined i n a rotary evaporator flask. The residue 
was then extracted twice with an extraction medium consisting of 25cm3 
chloroform, 25cm3 methanol, 1cm3 cone. HCl and 50mg BHT. Once again, 
the supernatants of the two steps were "pooled" and mixed with those 
obtained with extraction medium I . The residue was retained and further 
extracted twice with a t h i r d extraction medium consisting of 25cm3 
chloroform, 25cm3 methanol, 1cm3 NH3 (0.88s.g-) and 50mg BHT. The combined 
supernatants of these three separate extraction procedures were "pooled" 
and mixed thoroughly with an equal volume of 0.79% KCl by shaking 
vigorously for about one minute. This was to extract non-lipid 
contaminants (FOLCH, LEES and SLOONE-STANLEY, 1957) . The resulting 
emulsion was allowed to stand and complete separation of the organic 
(bottom) and aqueous (top) phases was f a c i l i t a t e d by centrifugation at 
2500 r.p.m. for 15 minutes i n a "Mistral 2L" centrifuge using a swing-
out head (Rotor no. 69166). The aqueous phase was then removed with a 
Pasteur pipette and discarded. The remaining organic phase was dried 
overnight over anhydrous sodium sulphate i n a ground-glass stoppered 
flask. The dried mixture was separated from the anhydrous sodium sulphate 
by centrifugation i n glass centrifuge tubes at 2500 r.p.m. as described 
above. The sodium sulphate deposited was washed twice with chloroform 
and the dried mixture and the combined washings were then reduced to 
approximately 1cm3 i n a rotary evaporator 1R' (Buchi, Ltd.) at room 
temperature. 
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B) Thin layer chromatographic separation of the phospholipid fractions 
The procedure adopted was LEWIS'S (1978) modification of the 
method described for mammalian phospholipids by VEERKAMP and BROEKUYSE 
(1976) . 
(i) Preparation of thin-layer chromatography plates 
Five glass plates (20cm x 20cm) thoroughly cleaned and dried as 
described i n the General Materials and Methods section (Chapter 2) 
were placed i n a 'Unoplan' pneumatic holder (Shandon S c i e n t i f i c L t d . ) . 
Plastic gloves were used throughout t h i s procedure. The plates were 
then washed with chloroform and l e f t to dry. A slurry of s i l i c a gel H 
(Kieselgulr H-Type 60) was made up i n 0.1% (w/v) aqueous sodium acetate 
(approximately 45g s i l i c a gel to 100cm3 solution was found to be suitable) 
and vigorously s t i r r e d with a clean glass rod u n t i l the r i g h t consistency 
was achieved. The sl u r r y was then poured in t o a 'Unoplan' adjustable 
spreader with the aperture set at 0.5mm with a Feeler-Gauge. The 
spreader was then drawn smoothly, and without i n t e r r u p t i o n , across the 
surface of the glass plates. Air bubbles were excluded by b r i e f l y 
v i b r a t i n g the plates with a 'Whirlymix' vortex mixer (Fison's Laboratory 
Apparatus, Loughborough). This also helped to ensure that an absolutely 
smooth surface was obtained. The plates were then stacked horizontally 
and dried overnight. Prior to use they were activated i n an oven at 
110-120°C for at least 2 hours. 
( i i ) Application of the l i p i d extract to the chromatographic plate 
The solvent was evaporated from the l i p i d extract obtained i n A 
above, by means of a stream of dry nitrogen being bubbled through i t . 
Once a l l the solvent had been removed, aliquots of the l i p i d sample were 
applied to the TLC plates as spots, using a microsyringe and the plate 
dried at 110-120°C for 5-10 minutes. 
27 
Once the plates had cooled, separation of the various l i p i d s 
was affected by ascending chromatography i n large moulded-glass tanks 
(Shandon Southern S c i e n t i f i c Co. Ltd.) lined with Whatman No. 1 f i l t e r 
paper. The developing solvent consisted of a mixture of 80 volumes 
petroleum ether (40-60°C b o i l i n g p o i n t ) : 20 volumes d i e t h y l ether: 
2 volumes of formic acid. This mixture was presented as a shallow 
layer approximately 1cm from the bottom of the tank. The tank was 
f u l l y saturated with solvent vapour p r i o r to development of the plates 
by shaking the tank, and allowing i t to stand 1 hour at room 
temperature. The plate was then placed i n the tank and the solvent 
allowed to r i s e up the chromatoplate u n t i l the solvent f r o n t was 
approximately 1cm from the top of the plate. 
( i i i ) Location of phospholipid fractions 
This was done according to the procedure described by GITLER (1972). 
The plate was dried at 110-120°C f o r 5-10 minutes and allowed to cool. 
I t was then l i g h t l y sprayed with a 0.1% aqueous solution of the sodium 
s a l t of 8-aniline, 1-naphthalene sulphonate (ANS) (Eastman Kodak) and 
irr a d i a t e d with a U.V. lamp using a 350nm f i l t e r . . The phospholipid 
f r a c t i o n appeared as a bri g h t fluorescent spot against a dark background. 
These were marked by scraping the s i l i c a gel around each spot using a 
clean needle. 
(iv) Preparation of f a t t y acid methyl-esters 
The s i l i c a gel, containing the target phospholipid, was 
scraped o f f the plate and placed i n a b i j o u b o t t l e . Methanolysis of 
the phospholipid was effected by adding s u f f i c i e n t boron t r i f l u o r i d e / 
methanol (14% w/v) (Sigma), so as to "wet" the entire sample. The 
bo t t l e was then sealed and the sample heated at 1000C f o r 15 minutes 
to ensure that methanolysis was completed. After the sample had 
cooled a stream of dry nitrogen was blown over i t to remove the bulk 
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of the low b o i l i n g point contaminants and to v o l a t i l i z e any residual 
boron trifluoride/methanol. The f a t t y acid methyl ester was then 
eluted from the residue with n-hexane. The solution obtained was 
concentrated to a small volume i n a rotary evaporator or a stream of 
dry nitrogen, and subjected to gas-liquid chromatographic analysis. 
(v) Preparation of the chromatographic column 
20g of Gaschrom Q (100-120 mesh) (Applied Science Laboratory) 
were added to 100cm3 of 3% (w/v) solution of polyethylene glycol 
adipate i n chloroform. The mixture was then shaken and f i l t e r e d 
through a scinterred glass funnel. The residue was f i r s t a i r dried 
and then heated at 100°C for 1 hour to ensure complete v o l a t i l i z a t i o n 
of any residual chloroform. The dried material, so formed, was 
poured i n t o a lm long glass chromatographic column and packed 
t i g h t l y with the aid of a vacuum pump. The column was then conditioned 
by heating i n a stream of dry nitrogen (flow rate 20-25cm3/minute) at 
250°C for 48 hours before use. 
(vi) Sample analysis 
The mixture of f a t t y acid methyl esters, prepared as described 
above, was injected i n t o the GLC by means of a lOyl microsyringe. 
Prior to use, the microsyringe was washed thoroughly i n a Sequence, of 
non-polar solvents (acetone, n-hexane, methanol). Periodically, 
thereafter, between repeated additions of the same sample, the micro-
syringe plunger was withdrawn and wiped with a tissue soaked i n n-hexane. 
In addition, cleanliness of the microsyringe was confirmed at frequent 
int e r v a l s by i n j e c t i o n of aliquots of n-hexane. 
Sample introduction was effected as follows: 
(a) n-hexane was taken up and expelled from the microsyringe 
to remove a l l a i r bubbles and to create an ef f e c t i v e barrel-plunger seal. 
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(b) l p l of n-hexane was taken up i n t o the microsyringe 
followed by l u l of a i r . Then 5ul of the sample to be analysed was 
taken up followed by another l y l of a i r , l y l of n-hexane and f i n a l l y 
a further l y l of a i r . 
(c) The f l e x i b l e microsyringe needle was car e f u l l y introduced 
i n t o the column through a rubber septum. The contents were rapidly 
injected and the needle withdrawn. The microsyringe was then cleaned 
as indicated above and prepared for another i n j e c t i o n . 
( v i i ) Fatty acid i n d e n t i f i c a t i o n and r e l a t i v e composition of 
mitochondrial phospholipid 
Gas l i q u i d chromatographic separation of the samples was 
carried out using the column described above i n a Pye 104 series 
gas chromatograph at 180°C. Dry white spot nitrogen was used as the 
ca r r i e r gas at a flow rate of 45cm3 per minute. The resolved sample 
was detected by flame ionisation (combustion system: hydrogen/air). 
A signal from the detector was used to trace a chromatograph on the 
f l a t bed chart of a Servoscribe recorder (Goerz electron). Typical 
traces are shown i n the Results section. The peaks were t e n t a t i v e l y 
i d e n t i f i e d by comparing t h e i r retention times with those of various 
standard f a t t y acid methyl esters (Supelco) under the same conditions. 
The r e l a t i v e proportion of the resolved materials was calculated 
according to the procedure described by CARROLL (1961), which assumes 
a complete separation of the resolved samples. The product of peak 
height and retention time gives a value proportional to the area under 
the peak and consequently the mass of the sample giving that peak 
(see LEWIS, 1978). In view of the unavoidable variations i n the day 
to day operating conditions, the mass estimate obtained was normalized 
by expressing the value as a percentage of the t o t a l sample applied 
( i . e . as a proportion of the sum of a l l the peak areas). 
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Results 
No difference was observed i n either the h i s t o l o g i c a l or 
the fine s t r u c t u r a l appearance of the muscles of the meso- or meta-
thoraces. Consequently, the results presented w i l l not distinguish 
between dorsal longitudinal f l i g h t muscles from these two divisions 
of the thorax. 
The f l i g h t muscles of newly emerged adult Locusta are r e l a t i v e l y 
small and c h a r a c t e r i s t i c a l l y "white" i n appearance. As growth and 
development proceed the colour changes gradually to reddish-brown. 
Associated with t h i s change i n colour, there was an increase i n the 
mass of the f l i g h t musculature. The possible significance of t h i s 
change i n muscle colour i s indicated by the studies of USHERWOOD 
(1967). He showed that whilst the "red" and "white" fibres of 
Schistocerca gregaria retractor unguis muscle of the meta-thoracic 
leg have similar mechanical and e l e c t r i c a l properties, the "white" 
fibres fatigue more rapidly than the "red". In addition, the "red" 
fi b r e s have higher levels of succinate dehydrogenase and t h e i r 
mitochondrial volume i s double that of "white" f i b r e s (ELDER, 1975). 
A correlation between the increase i n the r e l a t i v e amount of 
c a r d i o l i p i n (diphosphatidylglycerol), a t y p i c a l mitochondrial 
phospholipid, and the change of muscle colour from white to red 
during the f i r s t week of adult l i f e has been suggested, i n Locusta 
(NOVAKOVA et a l . , 1976) and Periplaneta americaha (HELM et a l . , 1977); 
the amount of diphosphatidylglycerol doubled and coincided with the 
appearance of the "red" muscle. 
Examination of l i g h t micrographs (Fig. 3.2) of transverse 
sections through the median dorsal longitudinal i n d i r e c t f l i g h t muscles 
of Locusta shows that the shape and size of each ind i v i d u a l f i b r e 
p r o f i l e varies considerably even within the same bundle of f i b r e s . 
Trachea are clea r l y seen running between the f i b r e s . In high power 
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Figure 3.2. A photomicrograph of a transverse section through 
a part of the median dorsal longitudinal i n d i r e c t 
f l i g h t muscle of a 6-day old locust. 
Note the peripheral position of the nuclei (N), 
the shape and size of the muscle f i b r e s (F). 
Invagination of the surface c e l l membrane can be 
seen (arrow-heads). TR: trachea. 
Scale 25um 
Figure 3.3. A high power photomicrograph of a transverse 
section through a part of the median dorsal 
through longitudinal f l i g h t muscle from an 
animal aged 6 days. 
Note that myofibrils (MF) are arranged i n a 




I'- ll. I f ' ? 1 
<V.rtfL' 
m aw* • -
• 8 \>> » -v * 
4 1,11 
5SSSV N TR 
3.2 
N * > * 
« 1 • . < I ( 
3-3 
32 
l i g h t micrographs (Fig. 3.3) w h i l s t i t appears that the majority of 
myofibrils are less regular, some seem to be arranged i n a more-or-less 
r a d i a l fashion. The peripheral position of the nuclei and t h e i r presence 
under the c e l l membrane i s clear l y seen i n Figs 3.2 and 3.3. This 
represents the normal position of these organelles i n the vast majority 
of muscle c e l l s examined. However, occasionally one nucleus was 
encountered which was positioned with i n a muscle f i b r e (Fig. 3.4). 
In the early stages of muscle development, nuclei are situated i n the 
middle of the myoblast, and as growth and development proceed the 
increase i n muscle c e l l components tends to push the nuclei to a 
peripheral position (GOLDSPINK, 1974). The above observation would 
seem to suggest, therefore, that a l l muscle d i f f e r e n t i a t i o n i s not 
complete at t h i s stage (3-day old a d u l t ) . 
Mitochondria, sarcoplasmic reticulum and T-system, and t h e i r 
connections (dyad or t r i a d ) are v i s i b l e between the myofibrils i n a l l 
ages studied (see Figs 3.5, 3.6, 3.7 and 3.8). The sarcolemma which 
surrounds each muscle f i b r e consists of a t y p i c a l c e l l membrane and 
layer of amorphous material or basement membrane (Fig. 3.9). I t i s w i t h i n 
amorphous material that the tracheoles supplying the f i b r e are found. 
Myofibrils 
As mentioned e a r l i e r , the myofibrils and mitochondria represent 
the bulk of the muscle f i b r e with the nuclei situated i n a peripheral 
position. The arrangement of the myofibrils i s i r r e g u l a r (Fig. 3.9) 
and described as close-packed (BUCHER, 1965). In longitudinal 
sections from 6-day old adult animals (Fig. 3.10), the myofibrils 
are usually i n almost perfect p a r a l l e l register, as witnessed by the 
r e l a t i v e l y s t r a i g h t rows of Z-bands. The l a t t e r divide the myofibrils 
i n t o sarcomeres. These sarcomeres exhibit the band pattern t y p i c a l 
of s t r i a t e d muscle. D i s t i n c t i v e I-bands can be seen on either side 
of the z-band; the majority of the sarcomere length being represented 
33 
Figure 3.4. An electron micrograph of a transverse section 
through a portion of a muscle f i b r e from an animal 
aged 3 days. 
Note the position of the nucleus (N) i n the middle 
of the muscle f i b r e . M: mitochondrion; 
MF: m y o f i b r i l ; D: dyad; NM: nuclear membrane. 
Scale 0.5ym 
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Figure 3.5. A transverse section through a muscle f i b r e from 
a 1-day old locust showing the t y p i c a l appearance. 
Mitochondria (M), m y o f i b r i l (MF), dyad (D), 
t r i a d (TD) and sarcoplasmic reticulum (SR). 
Note the size and shape of the mitochondria and 
the presence of r e l a t i v e l y few cristae. 
Tracheolar c e l l (Tr) situated i n a d i l a t i o n of 
the T-system (T). 
Scale 0.5pm 
Figure 3.6. A transverse section through a muscle f i b r e from an 
animal aged 2 days i l l u s t r a t i n g the t y p i c a l 
appearance, size and shape of the muscle components. 
I t can be seen that the mitochondria (M) s t i l l 
contain r e l a t i v e l y few cristae. Tr: tracheole; 
TD: t r i a d ; SR: sarcoplasmic reticulum; S: non-
fenestrated sarcoplasmic reticulum; T: T-system; 
MF: m y o f i b r i l ; M: mitochondria. 
Scale 0.5um 
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Figure 3.7. A transverse section through a muscle f i b r e from 
an animal aged 3 days showing the t y p i c a l appearance, 
size and shape of the muscle components at t h i s age. 
Note the increase i n m y o f i b r i l (MF) size, myosin 
number and the v a r i a t i o n i n mitochondrial (M) size 
compared with Figures 3.5 and 3.6. D: dyad, 
SR: sarcoplasmic reticulum; T: T-system. 
Scale 0.5Um 
Figure 3.8. A transverse section through a muscle f i b r e from 
a 5-day old adult locust. The myofibrils (MF) and 
mitochondria (M) show a further increase i n size 
compared with Figures 3.5, 3.6 and 3.7. Note the 
increase i n mitochondrial size and the number of 
cristae (Cr). A number of electron dense granules 
(arrow-heads) are v i s i b l e i n the mitochondria. 
The sarcoplasmic reticulum (SR) i s abundant and 
completely encircles each m y o f i b r i l ; i n some cases 
two sheets of SR separate the m y o f i b r i l s . 
D: dyad; T: T-system. 
Scale 0.5ym 
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Figure 3.9. A transverse section through a muscle f i b r e from 
a 6-day old locust. 
Note the v a r i a t i o n i n s i z e and shape of the 
myofibrils (MF) and mitochondria (M). A layer 
of amorphous material forms the basement 
membrane (BM) of the muscle fibre and one 
nucleus (N) i s seen lying immediately beneath 
the c e l l membrane (CM) (see also Figure 3.12). 
Invagination of the c e l l membrane can be seen to 
give r i s e to the T-system (T) (see also Figures 
3.24, 3.28 and 3.51). Tr: tracheole 
Scale 2.5ym 
Figure 3.10. A longitudinal section through the muscle fi b r e from a 
6-day old locust. The sarcomere i s delimited by 
Z-bands. The I - and A-bands are c l e a r l y defined at 
t h i s age. Dyads (arrow-heads) can be seen normally i n 
indentation of adjacent mitochondria midway between 
the H-band, which i s characterized by a l o c a l i z e d 
scattering of small granules at the centre of the 
A-band, and the I-band. Note also that individual 
mitochondria extend more than 4 sarcomere lengths. 
M: mitochondrion; MF: myofibril; SR: sarcoplasmic 
reticulum; G: glycogen. 
Scale 1.5ym 
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by the A-band (Fig. 3.10). There i s a l i g h t H-band i n the middle 
of the A-band, within which one can see a localized scattering of 
small granules. Similar granules have been observed i n f l i g h t 
muscle of Tenebrio molitor (SMITH, 1960), Aeshna sp. (SMITH, 1961b) 
and Homorocoryphus n i t i d u l u s (ANSTEE, 1971). These granules are 
thought to represent the M-line, which i s normally absent from 
insect synchronous f l i g h t muscle. 
There was considerable v a r i a t i o n i n the shape of the m y o f i b r i l l a r 
p r o f i l e s as seen i n transverse sections. This was so for a l l ages 
studied (cf. Figs 3.11, 3.12 and 3.13). The shapes ranged from 
more-or-less c i r c u l a r to oblong i n the f i r s t 4 days following the 
f i n a l ecdysis, w h i l s t i n 6-day old adults most myofibrils were polygonal 
(Fig. 3.9). This finding d i f f e r s from that of BUCHER (1965), who 
reported that the v a r i a t i o n i n m y o f i b r i l l a r p r o f i l e shape disappears 
a f t e r the f i n a l ecdysis. By the 3rd day of adult l i f e , there was a 
tendency f o r some of the peripheral myofibrils to be somewhat larger 
i n size than the more ce n t r a l l y placed ones (Fig. 3.12). Careful 
examination of the arrangement of myofilaments i n sections taken at 
various levels through a sarcomere shows that whereas t h i n and thick 
filaments are present i n the A-band (Fig. 3.14), only t h i n filaments 
are present i n the region corresponding to the I-band (Fig. 3.15). 
In addition, i t i s noticeable that the thick filaments appear e l l i p t i c a l 
i n cross-sections i n the H-band (Fig. 3.16), compared with more c i r c u l a r 
p r o f i l e s presented i n the region of the A-band. The thick filaments 
appear to have a less dense core especially those situated i n the 
peripheral region of the m y o f i b r i l (Fig. 3.14). The t y p i c a l hexagonal 
arrangement with 6 a c t i n filaments around each myosin i s c l e a r l y 
seen i n transverse sections of 5 and 6-day old locusts (Fig. 3.14). 
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Figure 3.11. Low power electron micrograph of a transverse 
section through a muscle f i b r e of a 1-day old 
adult locust showing the t y p i c a l appearance of 
f l i g h t muscle at t h i s age. 
Note the presence of numerous tracheoles (Tr) 
and th a t cytoplasm of tracheoblast occupies 
a large area of the t o t a l muscle volume. 
Numerous small mitochondria (M) are seen i n 
close association. MF: m y o f i b r i l ; N: nucleus. 
Scale 4um 
Figure 3.12. An electron micrograph of a transverse section 
through a muscle f i b r e from a 3-day old adult 
locust. The peripheral region of four fibres i s 
shown. Note the v a r i a t i o n i n size and shape 
between the peripheral (arrow-heads) and more-
centr a l l y placed myofibrils (MF). The l a t t e r 
tend to be smaller i n size and more c i r c u l a r i n 
shape. Mitochondrial shape ranges from oval to 
c i r c u l a r . N: nucleus; M: mitochondrion; 
Tr: tracheole; CM: c e l l membrane; BM: basement 















Figure 3.13. An electron micrograph of the peripheral region of 
two muscle fi b r e s from a 5-day old adult locust. 
Note the enormous increase i n size and change i n 
shape of the mitochondria (M) and myofibrils (MF) 
compared with those seen i n Figure 3.12. The 
tracheoles (Tr) occupy a small area of the t o t a l 
muscle volume (cf. Figures 3.11 and 3.12). 
Scale 2.5pm 
Figure 3.14. A transverse section through a m y o f i b r i l of a 5-day 
old adult locust at the l e v e l of the A-band. 
Note the presence of actin (thin) and myosin (thick) 
filaments. The peripheral myosin filaments appear 
to have a less dense core (arrow-heads). D: dyad. 
Scale 0.25pm 
Figure 3.15. A transverse section through a m y o f i b r i l (MF) of a 
5-day old adult locust at the l e v e l of the I-band, 
showing only actin filaments at t h i s l e v e l . 
M: mitochondria. 
Scale 0.5pm 
Figure 3.16. A transverse section through the muscle f i b r e of a 
3-day old adult locust at the l e v e l of the H-band (H). 
Note that only thick filaments are present. 
M: mitochondrion} MF: m y o f i b r i l ; SR: sarcoplasmic 
reticulum. 
Scale lpm 
Figure 3.17. A high power electron micrograph of a transverse 
section through the A-band of a 1-day o l d adult locust. 
Note that occasionally more than 6 a c t i n filaments (AC) 
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Each t h i n filament i s equidistant between adjacent pairs of thick 
filaments. A similar arrangement has been described elsewhere i n 
insect f l i g h t muscle/ f o r example, i n Periplaneta americana (SPIRO 
and HAGOPIAN, 1967) and Neoconocephalus (ELDER, 1971). However, 
occasionally 6-9 actin filaments were observed around each myosin 
filament. This l a t t e r condition was more common i n muscles from 
adult Locusta aged between 1-4 days (Fig. 3.17) suggesting that the 
a c t i n to myosin r a t i o may change with age (see Table 3.1). Nevertheless, 
the actin : myosin r a t i o of 3,33 ± 0.12 (n = 7) on day one was not 
s i g n i f i c a n t l y d i f f e r e n t from the value of 2.91 ± 0.14 (n = 7) i n 6 day 
old adults. These r a t i o s of approximately 3:1 are i n good agreement 
with those encountered i n other insect f l i g h t muscles which have been 
examined (SMITH, 1966a; ANSTEE, 1971; HUDDART, 1975). Whilst the 
deviation from a perfect 3:1 actin/myosin r a t i o may r e f l e c t developmental 
differences, an alternative explanation i s possible. The state of the 
fix e d muscle i s known to a f f e c t the o r b i t a l number of t h i n filaments 
around each thick filament (AUBER, 1967a; HOYLE, 1967). Thus muscle 
fi x e d i n the contracted state frequently exhibits a double overlap of 
t h i n filament i n the centre of the A-band. Such overlappings have 
been described by HAGOPIAN (1966) and ELDER (1971) . 
In longitudinal sections of muscle from one day adult Locusta 
(Fig. 3.18) the cross-striations are poorly defined and the Z-bands 
are i r r e g u l a r l y arranged. Similar observations have been noted i n 
l a r v a l f l i g h t muscle of Manduca sexta (RHEUBEN and KAMMER, 1980). 
In Locusta, adjacent to the Z-band i s a l i g h t e r region which represents 
the early appearance of the I-band (Fig. 3.18). During t h i s stage the 
H-band i s d i f f i c u l t to recognize. Similar observations have been 
reported i n Leptinotarsa decemlineata (DE KORT, 1969). Gradually 
these features undergo developmental changes and the t y p i c a l s t r u c t u r a l 
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Figure 3.18. A longitudinal section through the muscle f i b r e 
of a 1-day old adult locust. 
Note the poorly developed banding pattern of 
the sarcomere and the irr e g u l a r Z-bands (cf. 
Figure 3.10). Also noticeable i s the l i g h t e r 
area adjacent to Z-bands which indicate the 
developing I-bands. The s p l i t t i n g (SP) of a 
single m y o f i b r i l i s also seen at t h i s age. 
M: mitochondrion; MF m y o f i b r i l ; D: dyad; 
G: glycogen. 
Scale 1pm 
Figure 3.19. A longitudinal section through the muscle f i b r e 
of a 2-day old adult locust. 
Note that the mitochondria (M) are more-or-less 
arranged i n columns between the myofibrils (MF), 
the Z-bands are more regular and so are the 











(cf. Figs 3.18, 3.19, 3.20 and 3.10). Over the period studied, 
there was a s i g n i f i c a n t increase i n the average sarcomere length 
(see Table 3.1). 
GOLDSPINK (1970) has shown that the number of myofibrils 
increases during muscle growth i n the mouse. He obtained strong 
evidence to suggest that t h i s p r o l i f e r a t i o n of myofibrils i s the 
r e s u l t of longitudinal s p l i t t i n g of existing myofibrils once they 
a t t a i n a certain size. Examination of Figs 3.20, 3.21, 3.22 and 
3.23, c l e a r l y indicates that t h i s process may also be taking place 
i n f l i g h t muscle of 1-4 day old adult Locusta. Furthermore, t h i s 
process appears to be more-or-less complete by the 4th day of adult 
l i f e . However, " m y o f i b r i l l a r s p l i t t i n g " was occasionally observed 
i n 4-day old locusts where i t appeared to be r e s t r i c t e d to the more 
peripheral m y o f i b r i l s . This i s shown i n Figure 3.24 where a dyadic 
junction i s present i n the middle of a m y o f i b r i l . On the basis of 
t h i s observation one might suggest that most " m y o f i b r i l l a r s p l i t t i n g " 
takes place i n early adult l i f e and affects myofibrils throughout 
the muscle, but that t h i s process seems to continue i n the larger 
peripheral m y o f i b r i l s . 
Examination of Figs 3.5, 3.6, 3.7 and 3.8 indicates that following 
the increase i n the numbers of m y o f i b r i l s , there i s an increase i n 
the number of a c t i n and myosin filaments per m y o f i b r i l as the l a t t e r 
increase i n size. This observation i s confirmed by counting the number 
of myosin filaments per m y o f i b r i l , the a c t i n to myosin r a t i o and by 
measuring m y o f i b r i l l a r p r o f i l e size at d i f f e r e n t ages (Fig. 3.25). 
There was a 4-fold increase i n m y o f i b r i l size and the number of myosin 
filaments per m y o f i b r i l over the f i r s t 6 days of adult l i f e . This 
indicates a close relationship between the number of myosin filaments 
per m y o f i b r i l and m y o f i b r i l size. The proportion of t o t a l muscle 
volume occupied by the myofibrils increased with age (Table 3.2); 
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Figure 3.20. A longitudinal section through a muscle f i b r e of 
a 3-day old adult locust. 
Note the indication of s p l i t t i n g (SP) of a single 
m y o f i b r i l (MF). The normal banding pattern i s 
clearly seen. SR: sarcoplasmic reticulum; 
M: mitochondria; D: dyad; Tr: tracheole; 
G: glycogen; Z: Z-band. 
Scale lum 
Figure 3.21. A longitudinal section through a muscle f i b r e of 
a 1-day old adult locust. 
Similar m y o f i b r i l l a r s p l i t t i n g (SP) as indicated 
i n Figure 3.20 i s apparent. Note the positi o n 
occupied by the dyad (D) and i t s oblique 
arrangement i n r e l a t i o n to the m y o f i b r i l (MF) 
(see i n s e t ) . SR: sarcoplasmic reticulum. 
Scale 0.5ym 
Figure 3.22. A longitudinal section through a muscle f i b r e of 
a 1-day old adult locust. 
Note once again that m y o f i b r i l l a r s p l i t t i n g (SP) 
i s taking place i n single m y o f i b r i l . M: mitochondrion; 
MF: m y o f i b r i l ; G:glycogen. 
Scale 0.8pm 
Figure 3.23. A longitudinal section, through a muscle f i b r e of 
a 4-day old locust, showing that the m y o f i b r i l 
s p l i t t i n g i s taking place at t h i s age. 
MF: m y o f i b r i l ; M: mitochondria; SP: s p l i t t i n g ; 
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F i g u r e 3.24. A t r a n s v e r s e s e c t i o n through a muscle f i b r e of 
a 4-day o l d a d u l t l o c u s t . 
Note the presence of dyadic j u n c t i o n s i n the 
middle of two p e r i p h e r a l m y o f i b r i l s . 
MF: m y o f i b r i l ; M: mitochondrion; D: dyad; 
CM: c e l l membrane; T: T-system. 
S c a l e 0.4ym 
F i g u r e 3.26. A l o n g i t u d i n a l s e c t i o n through a muscle f i b r e 
of a 2-day o l d a d u l t l o c u s t . 
Note the columns of mitochondria of d i f f e r e n t 
s i z e s between the m y o f i b r i l s . 
M: mitochondrion; MF: m y o f i b r i l ; Z: Z-band; 
D: dyad; T r : t r a c h e o l e . 










F i g u r e 3.25. E f f e c t of age on m y o f i b r i l s i z e and the number 
of myosin f i l a m e n t s per m y o f i b r i l (data taken 
from Table 3.1.) . 
0 m y o f i b r i l s i z e 
A myosin number 
The f i g u r e s i n parentheses i n d i c a t e the number 
of m y o f i b r i l s measured or the number of 
m y o f i b r i l s from which the myosin f i l a m e n t s 
were counted. 
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being 52.26 ± 1.51% and 59.66 ± 2.31% (p > 0.001) i n 1-day o l d and 
6-day o l d a d u l t s r e s p e c t i v e l y . 
Mitochondria 
Mitochondria are abundant i n muscle f i b r e s a t a l l ages s t u d i e d 
and are packed between the m y o f i b r i l s ( F i g s 3.5, 3.6, 3.7 and 3.8). 
The m i t o c h o n d r i a l arrangement i s c l e a r l y shown i n l o n g i t u d i n a l s e c t i o n s 
where they appear as columns of d i f f e r e n t s i z e s ( F i g s 3.26 and 3.27). 
As r e p o r t e d f o r Homorocoryphus (ANSTEE, 1971) t h e r e i s no obvious 
alignment w i t h the s t r i a t i o n p a t t e r n of the m y o f i b r i l s . T h i s i s i n 
c o n t r a s t to the f i n d i n g of SMITH (1962) who r e p o r t e d t h a t i n the 
f i b r i l l a r f l i g h t muscle of the wasp, P o l i s t e s sp., the mitochondria 
a r e a l i g n e d w i t h each h a l f sarcomere, i . e . between the Z- and M-bands. 
MICHEJDA (1964) r e p o r t e d t h a t , i n Hyalophora c e c r o p i a f l i g h t muscle, 
t h e r e i s a s i n g l e row of mitochondria s i t u a t e d between a d j a c e n t 
m y o f i b r i l s i n the p r o p o r t i o n of t h r e e mitochondria per sarcomere. 
I n the p r e s e n t study, the main changes observed i n these 
o r g a n e l l e s , a s s o c i a t e d with age, i n v o l v e d i n c r e a s e d s i z e , number and 
d e n s i t y of c r i s t a e . T r a n s v e r s e s e c t i o n s through f l i g h t muscles of 
1-day o l d a d u l t l o c u s t s a re c h a r a c t e r i z e d by the presence of numerous 
s m a l l e l l i p t i c a l or c i r c u l a r shaped mitochondria packed between the 
m y o f i b r i l s ( F i g s 3.5 and 3.11). They c o n t a i n fewer c r i s t a e and t h e i r 
m a t r i c e s are r e l a t i v e l y l a r g e ( F i g . 3.28). I n l o n g i t u d i n a l s e c t i o n s 
( F i g . 3.29) the mitochondria are seen between the m y o f i b r i l s and t h e i r 
non-overlapping arrangement i n columns i s incomplete. I t can be seen 
a l s o t h a t , a t t h i s stage, there i s more than one mitochondrion between 
a d j a c e n t m y o f i b r i l s . By the 3rd day of a d u l t l i f e , the mitochondria 
are arranged i n columns with l i t t l e or no i n d i c a t i o n s of overlapping 
( F i g . 3.27). However, examination of t r a n s v e r s e s e c t i o n s from t h i s 
stage i n d i c a t e t h a t aggregated mitochondria occur i n the p e r i p h e r a l 
r e g i o n of the f i b r e s suggesting t h a t the development of s i n g l e 
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F i g u r e 3.27. A l o n g i t u d i n a l s e c t i o n through a muscle f i b r e 
of a 5-day o l d a d u l t l o c u s t . 
More than two mitochondria (M) are p r e s e n t per 
sarcomere. Note a l s o t h a t the s a r c o p l a s m i c 
r e t i c u l u m (SR) a t t h i s age s e p a r a t e s each 
m y o f i b r i l (MF) completely (two s h e e t s of i t 
i n some c a s e s ) . C r : c r i s t a e ; D: dyad; 
G: glycogen; T r : t r a c h e o l e . 
S c a l e lym 
F i g u r e 3.28. A t r a n s v e r s e s e c t i o n through a muscle f i b r e of 
a 1-day o l d a d u l t l o c u s t . 
Note t h a t the mitochondria (M) c o n t a i n few c r i s t a e 
and some of the mitochondria appear to be i n c l o s e 
c o n t a c t with the a d j a c e n t ones. Note a l s o the 
c l o s e a s s o c i a t i o n between a dyad (D) and a 
t r i a d (TD) and a mitochondria. MF: m y o f i b r i l ; 
T: T-system; T r : t r a c h e o l e . 
S c a l e 0.4um 
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F i g u r e 3.29. A l o n g i t u d i n a l s e c t i o n through a muscle f i b r e 
of a 1-day o l d a d u l t l o c u s t . 
At t h i s e a r l y stage of development incomplete 
columns of mitochondria (M) are c l e a r l y seen 
between the m y o f i b r i l s (MF). Note the 
presence of dyads (D) between two a d j a c e n t 
m y o f i b r i l s . SR: s a r c o p l a s m i c r e t i c u l u m ; 
SP: s p l i t t i n g ; T: t r a c h e o l e ; G: glycogen. 
S c a l e lym 
F i g u r e 3.30. A t r a n s v e r s e s e c t i o n through a muscle f i b r e of 
a 3-day o l d a d u l t l o c u s t . 
Note the aggregation of mitochondria (M) i n the 
p e r i p h e r a l r e g i o n of the f i b r e . D: dyad; 
MF: m y o f i b r i l ; T r : t r a c h e o l e . 





















m i t o c h o n d r i a l column between m y o f i b r i l s i s not complete a t t h i s stage 
( F i g . 3.30). T h i s phenomenon d i s a p p e a r s as growth proceeds and by the 
5th and 6th day of a d u l t l i f e the mitochondria e x h i b i t marked changes 
i n t h e i r i n t e r n a l s t r u c t u r e ( F i g . 3.10). At t h i s stage s i n g l e 
m i t o c h o n d r i a l columns can be seen c l e a r l y ( F i g . 3.10) and the 
mitochondria become so compressed between a d j a c e n t m y o f i b r i l s t h a t 
they appear polygonal i n t r a n s v e r s e s e c t i o n s ( F i g . 3.9). I n a d d i t i o n 
the number of mitochondria per sarcomere l e n g t h changed with age; 
up to t h r e e mitochondria per sarcomere l e n g t h can be seen i n 1-3 day 
o l d a d u l t s ( F i g . 3.27 and 3.31), but by the 5th day of a d u l t l i f e 
s i n g l e mitochondria are observed extending over the length of two or 
more sarcomeres ( F i g . 3.32). T h i s e l o n g a t i o n i s continued, such t h a t 
i n 6-day o l d l o c u s t s a s i n g l e mitochondrion may extend the l e n g t h of 
up to 5 sarcomeres ( F i g . 3.10). 
The r e s u l t s shown i n Table 3.3 summarize the changes i n 
m i t o c h o n d r i a l s i z e with age. The mean m i t o c h o n d r i a l diameter i n s i t u 
showed l i t t l e change during the f i r s t 4 days of a d u l t l i f e . However, 
by day 6 the mean diameter was approximately double t h a t of newly 
ecdysed a d u l t s . A s i m i l a r r e s u l t was obtained when m i t o c h o n d r i a l 
mean s i z e was e s t i m a t e d by t r a c i n g t h e i r p r o f i l e s on to standard paper, 
followed by t h e i r being c u t out and weighed. The o v e r a l l i n c r e a s e i n 
s i z e was even more apparent by t h i s method. Again l i t t l e change was 
noted over 1-3 days of a d u l t l i f e , but by the 4th day an i n c r e a s e i n 
s i z e was apparent w h i l s t by day 6 t h e r e had been a 4.4 f o l d i n c r e a s e i n 
m i t o c h o n d r i a l s i z e compared with newly ecdysed i n s e c t s . F i g u r e 3.33 
shows the v a r i a t i o n i n m i t o c h o n d r i a l s i z e a t v a r i o u s ages. The t r e n d 
towards i n c r e a s i n g m i t o c h o n d r i a l s i z e with age i s again c l e a r l y v i s i b l e . 
The p r o p o r t i o n of t o t a l muscle volume occupied by mitochondria 
changed l i t t l e over the p e r i o d s t u d i e d , being c a . 24.7% on the f i r s t 
day and 28.5% on the 6th day of a d u l t l i f e (see Table 3.3). W h i l s t a 
52 
F i g u r e 3.31. A l o n g i t u d i n a l s e c t i o n through a muscle f i b r e 
o f a 3-day o l d a d u l t l o c u s t . 
The number of mitochondria (M) per sarcomere 
v a r i e s and i t can be seen t h a t there a r e up to 
three mitochondria per sarcomere le n g t h 
(arrow-heads) a t t h i s age. Z: Z-band; 
H: H-band; MF: m y o f i b r i l s ; SR: s a r c o p l a s m i c 
r e t i c u l u m ; G: glycogen. 
S c a l e l\im 
F i g u r e 3.32. A l o n g i t u d i n a l s e c t i o n through a muscle f i b r e 
of a 5-day o l d a d u l t l o c u s t . 
Note t h a t a s i n g l e mitochondrion (M) extends 
fo r more than two sarcomere lengths w h i l s t 
o t h e r s extend l e s s than one sarcomere l e n g t h . 
Note a l s o the dyad (D) i s midway between the 
I - and H-bands. Sarcoplasmic r e t i c u l u m (SR) i s 
a l s o seen between the mitochondria (M) and the 
m y o f i b r i l (MF). G: glycogen; H: H-band; 
Z: Z-band. 












F i g u r e 3.33. Histograms showing s i z e d i s t r i b u t i o n of 
f l i g h t muscle mitochondria from L o c u s t a 
m i g r a t o r i a a t d i f f e r e n t ages i n s i t u . 
The data were obtained by t r a c i n g the 
mitochondria from e l e c t r o n micrographs. 
These were then c u t out and weighed. 
The r e s u l t s were expressed i n a r b i t r a r y 
u n i t s . 
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s l i g h t decrease i n muscle m i t o c h o n d r i a l volume was noted i n 2 and 
3-day o l d a d u l t s , t h i s change was not s t a t i s t i c a l l y s i g n i f i c a n t . 
I s o l a t e d Mitochondria 
Mitochondria e x t r a c t e d from f l i g h t muscle of 1-6 day o l d a d u l t 
L o c u s t a were examined by e l e c t r o n microscopy. S e c t i o n s through the 
v a r i o u s m i t o c h o n d r i a l p e l l e t s r e v e a l e d t h a t the p r e p a r a t i o n s c o n t a i n e d 
few contaminating m y o f i b r i l s ( F i g . 3.34, 3.35, 3.36 and 3.37). The 
g e n e r a l appearance of e x t r a c t e d mitochondria was somewhat d i f f e r e n t 
from those f i x e d in_ s i t u . T h e i r shape i n v i t r o was l e s s i r r e g u l a r 
and they appeared approximately s p h e r i c a l . S i m i l a r o b s e r v a t i o n s have 
been r e p o r t e d f o r mitochondria i s o l a t e d from C a l l i p h o r a e r y t h r o c e p h a l a 
f l i g h t muscle (TRIBE and ASHHURST, 1972). However, the presence of 
i n t a c t o u t e r and i n n e r membranes ( F i g . 3.38, 3.39, 3.40 and 3.41) 
i n d i c a t e t h a t the method of e x t r a c t i o n used, i n t h i s study, g i v e s a 
r e l a t i v e l y good p r e p a r a t i o n w i t h l i t t l e i n d i c a t i o n of mechanical damage. 
Two d i s t i n c t m i t o c h o n d r i a l c o n f i g u r a t i o n s were r e c o g n i z a b l e ; one 
e x h i b i t i n g a condensed s t r u c t u r e w i t h an e l e c t r o n dense matrix and 
r e l a t i v e l y u n d i l a t e d c r i s t a e (reduced i n t r a - c r i s t a l s p a c e ) . T h i s 
m i t o c h o n d r i a l type ( I ) r e p r e s e n t s only a minute pr o p o r t i o n of the 
t o t a l ( F i g s 3.36, 3.37, 3.42, 3.43, 3.44 and 3.45) and such mitochondria 
are much s m a l l e r than the type I I mitochondria which e x h i b i t d i l a t e d 
c r i s t a e and r e p r e s e n t the m a j o r i t y of the m i t o c h o n d r i a l p o p u l a t i o n . 
As w i t h the i n s i t u mitochondria, i s o l a t e d mitochondria showed 
a marked age-dependent change i n f i n e s t r u c t u r e , p a r t i c u l a r l y i n the 
i n c r e a s e d number of c r i s t a e p r e s e n t i n mitochondria from o l d e r i n s e c t s 
( c f . F i g s 3.34, 3.35, 3.36 and 3.37). Table 3.3 shows the mean s i z e of 
i s o l a t e d mitochondria from 1-6 day of a d u l t l i f e . With the e x c e p t i o n of 
1-day o l d a d u l t s (p < 0.001), no s i g n i f i c a n t d i f f e r e n c e s were observed 
when compared w i t h t h a t of 6-day o l d a d u l t s . T h i s i s f u r t h e r supported 
when the d i s t r i b u t i o n of m i t o c h o n d r i a l s i z e w i t h age i s examined ( F i g . 3. 
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F i g u r e 3.34. E l e c t r o n micrographs showing mitochondria 
i s o l a t e d from the f l i g h t muscle of 1-day o l d 
a d u l t l o c u s t s . 
Note the fragments o f m y o f i b r i l (Fr .mf) i n the 
background, some mitochondria a r e v a c u o l a t e d ( V ) . 
The m a j o r i t y of the mitochondria a r e i n t a c t and 
c o n t a i n few c r i s t a e . 
S c a l e 1.5pm 
F i g u r e 3.35. E l e c t r o n micrograph showing mitochondria i s o l a t e d 
from the f l i g h t muscle o f 2-day o l d a d u l t l o c u s t s . 
Vacuolated (V) and f r a c t u r e d ( Fr) mitochondria can 
be seen. The m a j o r i t y of the mitochondria a r e 
i n t a c t . 
S c a l e 1.5um 
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F i g u r e 3.36. E l e c t r o n m i c r o g r a p h showing m i t o c h o n d r i a i s o l a t e d 
f r o m t h e f l i g h t muscle o f 5-day o l d a d u l t l o c u s t s . 
The m a j o r i t y o f m i t o c h o n d r i a a r e i n t a c t and 
c o n t a i n more c r i s t a l membrane ( c f . F i g u r e s 3.34 
and 3.35). V: v a c u o l a t e d m i t o c h o n d r i a ; 
CF.r: c r i s t a l f r a g m e n t s . 
Scale 1.5ijm 
F i g u r e 3.37. E l e c t r o n m i c r o g r a p h showing m i t o c h o n d r i a i s o l a t e d 
f rom t h e f l i g h t muscle o f 6-day o l d a d u l t l o c u s t s . 
The appearance o f t h e m i t o c h o n d r i a o f t h i s age i s 
s i m i l a r t o t h a t shown i n F i g u r e 3.36. FR: fr a g m e n t e d 










F i g u r e s 3.38, 3.39, 3.40 and 3.41. 
H i g h power e l e c t r o n m i c r o g r a p h s showing t h e 
u l t r a s t r u c t u r e o f m i t o c h o n d r i a i s o l a t e d f r o m 
f l i g h t muscle o f 1 , 2, 5 and 6-day o l d a d u l t 
l o c u s t s , r e s p e c t i v e l y . Note t h e presence o f 
o u t e r (Om) and i n n e r (Im) m i t o c h o n d r i a l membrane 
i n d i c a t i n g t h a t m i t o c h o n d r i a a r e i n t a c t . 
ICS: i n t r a - c r i s t a l space; Cr: c r i s t a e . 
Scale 0.4ym f o r F i g u r e s 3.38, 3.39, 3.40 and 


















F i g u r e s 3.42, 3.43, 3.44 and 3.45. 
E l e c t r o n m i c r o g r a p h s showing m i t o c h o n d r i a 
i s o l a t e d f r o m t h e f l i g h t muscle o f 1 , 2, 5 
and 6-day o l d a d u l t l o c u s t s , r e s p e c t i v e l y . 
Note t h e p resence o f t y p e I (arrow-heads) and 
t y p e I I m i t o c h o n d r i a a t a l l ages. 
Sca l e 1.5ym 










F i g u r e 3.46. Histograms showing t h e s i z e d i s t r i b u t i o n 
o f i s o l a t e d f l i g h t muscle m i t o c h o n d r i a 
f r o m L o c u s t a m i g r a t o r i a . 
The d a t a were o b t a i n e d as d e s c r i b e d i n 
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Sarcoplasmic r e t i c u l u m and T-system 
Examination of s e c t i o n s ( F i g . 3.47) through f l i g h t muscle of 
L o c u s t a r e v e a l e d t h a t the f e n e s t r a t i o n s or pores i n the s a r c o p l a s m i c 
r e t i c u l u m are formed by f u s i o n of i t s membranes such t h a t c i s t e r n a e 
do not communicate with the sarcoplasm. The d i s t r i b u t i o n of the 
f e n e s t r a t e d SR over most of the m y o f i b r i l l a r s u r f a c e can be c l e a r l y 
seen. T h i s i s f u r t h e r s u b s t a n t i a t e d by examination of l o n g i t u d i n a l 
s e c t i o n s ( F i g s 3.20 and 3 . 3 2 ) , which i n d i c a t e t h a t the SR surrounds 
each m y o f i b r i l and s e p a r a t e s a d j a c e n t m y o f i b r i l s completely. 
The a s s o c i a t i o n between a s i n g l e T-system tubule and the non-
f e n e s t r a t e d type of SR to form dyadic j u n c t i o n s i s shown i n F i g s 3.20 
and 3.48. Such j u n c t i o n s are r e c o g n i z a b l e by v i r t u e of the f a c t t h a t 
the membranes of the j u n c t i o n e x h i b i t an i n c r e a s e i n e l e c t r o n d e n s i t y 
(HAGOPIAN and SPIRO, 1967). No d e f i n i t e communication can be seen 
between the components of the dyadic j u n c t i o n , but the space between 
the u n i t membrane of the T-system and t h a t of SR i s f r e q u e n t l y f i l l e d 
w i t h an e l e c t r o n dense m a t e r i a l . T h i s d e n s i t y i s due to numerous 
evenly spaced t h i c k e n i n g s of the membrane of the r e t i c u l a r component 
of each dyadic j u n c t i o n , which p r o j e c t towards the T-system ( F i g . 3.49). 
S i m i l a r s t r u c t u r e s have been re p o r t e d i n other i n s e c t muscles, f o r 
example, i n Megoura v i c i a e (SMITH, 1965), Phormia r e g i n a (SMITH and 
SACKTOR, 1970), S c h i s t o c e r c a g r e g a r i a (PIEK and NJIO, 1979) , 
Homorocoryphus n i t i d u l u s (ANSTEE, 1971) and Neoconocephalus (ELDER, 
1971). At the r e g i o n of the A-band, the mitochondria are indented 
on each s i d e almost midway between the Z-band and the r e g i o n corresponding 
to H-band ( F i g s 3.10 and 3.32). Within each of these i n d e n t a t i o n s one 
can see an a s s o c i a t i o n between the SR and T-system to form a dyad. 
There are four such s t r u c t u r e s per sarcomere, two on each s i d e ( F i g . 3.32). 
S i m i l a r arrangements of dyadic j u n c t i o n s have been reported i n other 
s p e c i e s (ANSTEE, 1971; ELDER, 1971). I n t r a n s v e r s e s e c t i o n s which pass 
62 
F i g u r e 3.47. T r a n s v e r s e s e c t i o n , t h r o u g h t h e muscle f i b r e o f 
a 5-day o l d a d u l t l o c u s t , showing t h e d i s t r i b u t i o n 
o f f e n e s t r a t e d s a r c o p l a s m i c r e t i c u l u m (SR) a r o u n d 
t h e m y o f i b r i l s (MF). 
Note t h e s e p a r a t i o n o f a d j a c e n t m y o f i b r i l s by one 
o r two s h e e t s o f s a r c o p l a s m i c r e t i c u l u m (see a l s o 
F i g u r e 3.27). Note a l s o t h e p o r e s (arrow-heads) 
i n t h e f e n e s t r a t e d s a r c o p l a s m i c r e t i c u l u m e n v e l o p e . 
M: m i t o c h o n d r i a 
S c a l e 0.5ym 
F i g u r e 3.48. A l o n g i t u d i n a l s e c t i o n t h r o u g h t h e muscle f i b r e o f 
a 5-day o l d a d u l t l o c u s t . Dyads (D) can be seen i n 
s l i g h t m i t o c h o n d r i a l i n d e n t a t i o n s midway between 
t h e I - and t h e H-bands o r i n a s i m i l a r p o s i t i o n 
between a d j a c e n t m y o f i b r i l s (MF) ( c f . F i g u r e s 
3.19, 3.21 and 3.29). SR: s a r c o p l a s m i c r e t i c u l u m ; 
G: g l y c o g e n ; M: m i t o c h o n d r i a . 
S c a l e 0.5pm 
F i g u r e 3.49. A h i g h power e l e c t r o n m i c r o g r a p h o f a t r a n s v e r s e 
s e c t i o n o f a muscle f i b r e showing a d y a d i c 
a s s o c i a t i o n (D) between a T-system t u b u l e (T) and 
n o n - f e n e s t r a t e d s a r c o p l a s m i c r e t i c u l u m ( S ) . Note 
t h e c l o s e c o n t a c t between dyads and m i t o c h o n d r i a . 
Note a l s o t h e e v e n l y spaced t h i c k e n i n g s a l o n g t h e 
membrane o f t h e r e t i c u l a r component o f t h e dyad 
( a r r o w - h e a d s ) . M: m i t o c h o n d r i a ; MF: m y o f i b r i l . 
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through a sarcomere a t the l e v e l of the dyads, one can see t h a t 
such s t r u c t u r e s form n e a r l y a complete r i n g around the m y o f i b r i l 
( F i g . 3.50). 
The main changes i n the SR and T-system e f f e c t e d by growth and 
development are the formation of dyads and the s e p a r a t i o n of the 
a d j a c e n t m y o f i b r i l s by a sheet of SR. The T-system o r i g i n a t e s from 
the muscle plasma membrane a t i r r e g u l a r i n t e r v a l s and p e n e t r a t e s the 
muscle f i b r e to d i v i d e i t i n t o m y o f i b r i l s (see F i g . 3.51). I n 
l o n g i t u d i n a l s e c t i o n s taken from 1-day o l d a d u l t s ( F i g . 3.29) , dyads 
can be seen between the m y o f i b r i l s . C a r e f u l examination during t h i s 
e a r l y stage r e v e a l s t h a t dyads tend to be s i t u a t e d n earer the Z-bands 
than p r e v i o u s l y d e s c r i b e d and the dyadic elements are a t an oblique 
angle to the a d j a c e n t m y o f i b r i l s r a t h e r than being p a r a l l e l to them 
( F i g . 3.21). A s i m i l a r p o s i t i o n i n g of the dyads near the Z-band was 
a l s o seen i n 2-day o l d ( F i g . 3.19) and 3-day o l d l o c u s t s ( F i g . 3.20). 
I n c o n t r a s t , by the 6th day of a d u l t l i f e the dyads come to occupy 
the p o s i t i o n d e s c r i b e d e a r l i e r . The p r o p o r t i o n of the t o t a l muscle 
f i b r e volume occupied by the SR and T-system from l o c u s t s of d i f f e r e n t 
ages a r e summarized i n Table 3.2. The volume drops from approximately 
16% i n 1-day o l d a d u l t s to approximately 11% i n 6-day o l d a d u l t l o c u s t s 
(p < 0.01). T h i s might suggest t h a t the SR and T-system become 
e s t a b l i s h e d w i t h i n the f i r s t 3-4 days of a d u l t l i f e , p r i o r to the 
growth of the mitochondria and the m y o f i b r i l s . A l t e r n a t i v e l y , i t may 
be t h a t the growth r a t e of SR and T-system i s slower than t h a t of the 
other muscle components. 
Tracheole systems 
F i g u r e 3.52 shows a t r a c h e a l branch i n c l o s e p r o x imity to a muscle 
f i b r e . Such t r a c h e a g i v e r i s e to t r a c h e o l e s which p e n e t r a t e i n d i v i d u a l 
muscle f i b r e s . I n t r a n s v e r s e s e c t i o n s taken from f l i g h t muscle of 1-day 
o l d a d u l t s ( F i g . 3.11), one can see l a r g e numbers of t r a c h e o l e s w i t h i n 
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F i g u r e 3.50. An e l e c t r o n micrograph of a t r a n s v e r s e s e c t i o n , 
through the A-band of a 3-day o l d a d u l t l o c u s t , 
showing the abundance of dyads (D) i n t h i s r e g i o n . 
The dyads e n c i r c l e the m y o f i b r i l (MF) forming an 
almost complete r i n g around i t . T: T-system; 
M: mitochondria 
S c a l e 0.5ym 
Fi g u r e 3.51. A t r a n s v e r s e s e c t i o n through the p e r i p h e r a l r e g i o n 
of a muscle f i b r e , showing the i n v a g i n a t i o n o f the 
c e l l membrane (CM) which g i v e s r i s e to the T-system 
(T) (see a l s o F i g u r e s 3.9, 3.24 and 3,28). 
M: mitochondria; MF: m y o f i b r i l . 
S c a l e 0.4ym 
F i g u r e 3.52. A t r a n s v e r s e s e c t i o n , through the p e r i p h e r a l r e g i o n 
of a muscle f i b r e of a 3-day o l d a d u l t l o c u s t , 
showing the c l o s e a s s o c i a t i o n between a t r a c h e a 
(TR) and a muscle f i b r e . M: mitochondria; MF: 
m y o f i b r i l ; T r : t r a c h e o l e ; Ta: t a e n i d i a . 
S c a l e 2.25ym 
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t h e muscle f i b r e s , i n d i c a t i n g a v e r y e f f i c i e n t oxygen s u p p l y . I n 
h i g h e r m a g n i f i c a t i o n ( F i g s 3.5 and 3 . 6 ) , i n d i v i d u a l t r a c h e o l e s are 
seen t o be s u r r o u n d e d by t h e i r own plasma membrane and t h a t o f t h e 
muscle c e l l , w h i c h t h e y draw w i t h them d u r i n g i n v a g i n a t i o n . The 
l u m i n a l w a l l s o f t h e s e t r a c h e o l e s possess s m a l l t a e n i d i a l f o l d i n g s , 
w h i c h p r e v e n t them from c o l l a p s i n g d u r i n g muscle c o n t r a c t i o n . The 
p r o p o r t i o n o f t o t a l muscle f i b r e volume o c c u p i e d by t r a c h e o l e s f a l l s 
w i t h i n c r e a s i n g age (Table 3.2) ( c f . F i g s 3.11, 3.12, 3.13 and 3.9). 
Thus t r a c h e o l e s occupy a p p r o x i m a t e l y 7.0% o f t h e t o t a l muscle volume 
i n 1-day o l d a d u l t i n s e c t s , b u t o n l y ca. 1 % i n 6-day o l d a d u l t a n i m a l s 
(p < 0.01). These o b s e r v a t i o n s s u g g e s t t h a t t h e g r o w t h and f i n a l 
d i f f e r e n t i a t i o n o f t h i s system t a k e p l a c e d u r i n g t h e f i r s t 2-4 days 
a f t e r t h e f i n a l e c d y s i s , p o s s i b l y p r i o r t o t h e " d u p l i c a t i o n phase" 
(BROSEMER e t a l . , 1963; BUCHER, 196 5 ) , d u r i n g w h i c h a l l t h e components 
o f t h e f l i g h t muscle ( e x c l u d i n g n u c l e i ) a r e r e p o r t e d t o d u p l i c a t e 
(BUCHER, 1965). F a i l u r e o f t h e t r a c h e o l e s t o keep pace w i t h t h i s 
d u p l i c a t i o n w o u l d e x p l a i n t h e decrease i n t h e i r p r o p o r t i o n o f t h e 
t o t a l muscle volume w i t h i n c r e a s i n g age. 
Age-dependent changes i n m i t o c h o n d r i a l p r o t e i n c o n t e n t o f l o c u s t 
f l i g h t muscle 
R e l a t i v e amounts o f l o c u s t f l i g h t muscle m i t o c h o n d r i a l p r o t e i n 
were e s t i m a t e d t h r o u g h o u t t h e l a t e 5 t h i n s t a r and e a r l y a d u l t l i f e . 
E q u a l numbers o f male and female i n s e c t s were employed a t each age 
t o ensure t h a t any d i f f e r e n c e s were u n r e l a t e d t o sex. The r e s u l t s 
o b t a i n e d are shown i n F i g . 3.53. F l i g h t muscle m i t o c h o n d r i a l p r o t e i n 
p e r t h o r a x changed l i t t l e i n amount o v e r days 9-11 o f t h e 5 t h i n s t a r . 
There was a p p r o x i m a t e l y 0.4mg o f m i t o c h o n d r i a l p r o t e i n e x t r a c t e d per 
t h o r a x . However, i n newly ecdysed a d u l t s a marked i n c r e a s e i n 
m i t o c h o n d r i a l p r o t e i n (2.3 ± 0.43mg, 5 d e t e r m i n a t i o n s ) was n o t e d compared 
w i t h t h e l a t e 5 t h i n s t a r l e v e l s . A f t e r t h e f i n a l e c d y s i s , t h e amount o f 
66 
F i g u r e 3.53. E f f e c t o f age on t h e c o n t e n t o f m i t o c h o n d r i a l 
p r o t e i n p e r t h o r a x . 
The f i g u r e s i n p a r e n t h e s e s i n d i c a t e t h e 
number o f s e p a r a t e d e t e r m i n a t i o n s . 
O r d i n a t e : mg p r o t e i n , t h o r a x - 1 
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m i t o c h o n d r i a l p r o t e i n c o n t i n u e d t o i n c r e a s e up t o ca. 6 t h day o f 
a d u l t l i f e , when i t t e n d e d t o l e v e l o f f a t a p p r o x i m a t e l y 4mg p e r 
t h o r a x ; l i t t l e change b e i n g o b s e r v e d over t h e n e x t 2 days. 
The i n c o r p o r a t i o n o f ^ C - l e u c i n e i n t o m i t o c h o n d r i a l p r o t e i n d u r i n g 
development 
The i n c o r p o r a t i o n o f 1 1 + C - l e u c i n e i n t o f l i g h t muscle m i t o c h o n d r i a 
i n v i v o , was measured a t v a r i o u s t i m e s a f t e r i n j e c t i o n i n t o a d u l t 
a n i m a l s aged 1,3,5 and 7 days. The s p e c i f i c a c t i v i t y o f t h e 
i n c o r p o r a t i o n i n t o m i t o c h o n d r i a l p r o t e i n , as a f u n c t i o n o f t i m e a f t e r 
i n j e c t i o n , a t a l l ages s t u d i e d , i s shown i n F i g s 3.54 a,b,c and d ) . 
I t can be seen t h a t t h e i n i t i a l r a t e s o f i n c o r p o r a t i o n a r e h i g h and 
t h a t a f t e r ca. 1 hour t h e r a t e o f i n c o r p o r a t i o n d ecreases. I n g e n e r a l , 
maximum l e v e l s o f i n c o r p o r a t i o n o f l l f C - l e u c i n e i n t o m i t o c h o n d r i a l 
p r o t e i n were r e c o r d e d i n 3-day o l d l o c u s t s (see F i g . 3.55). A t a l l 
ages s t u d i e d t h e s p e c i f i c a c t i v i t y was c o n s i d e r a b l y r e d u c e d a t 24 hours 
a f t e r i n j e c t i o n . 
I n c o r p o r a t i o n o f ^ C - l e u c i n e i n t o t o t a l f l i g h t muscle p r o t e i n d u r i n g 
development 
The i n c o r p o r a t i o n o f 1 1 + C - l e u c i n e i n t o L o c u s t a f l i g h t muscle was 
d e t e r m i n e d i n a d u l t a n i m a l s aged 1,3,5 and 7 days a f t e r t h e f i n a l 
e c d y s i s . F i g u r e s 3.56 a,b,c and d show t h e s p e c i f i c a c t i v i t i e s 
o b t a i n e d a t d i f f e r e n t t i m e s a f t e r i n j e c t i o n f o r t h e d i f f e r e n t ages 
s t u d i e d . The r a t e o f i n c o r p o r a t i o n t e n d e d t o be more r a p i d i n i t i a l l y 
and t h e n t o l e v e l o f f a t t h e maximal l e v e l o f i n c o r p o r a t i o n w h i c h was 
o b s e r v e d a p p r o x i m a t e l y 3 hours a f t e r t h e i n j e c t i o n , a t a l l ages 
s t u d i e d . However, i n t h e case o f 1-day o l d l o c u s t s , t h e r a t e and l e v e l 
o f i n c o r p o r a t i o n was v e r y low t h r o u g h o u t . 
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F i g u r e 3.54. The e f f e c t o f age on l 4 C - l e u c i n e i n c o r p o r a t i o n 
i n t o m i t o c h o n d r i a p r o t e i n , 
a: Day 1 o f a d u l t l i f e 
b: Day 3 o f a d u l t l i f e 
c: Day 5 o f a d u l t l i f e 
d: Day 7 o f a d u l t l i f e 
The f i g u r e s i n p a r e n t h e s e s i n d i c a t e t h e 
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F i g u r e 3.55. Histograms of "^C-leucine i n c o r p o r a t i o n i n t o 
mitochondria from Lo c u s t a m i g r a t o r i a f l i g h t 
muscle showing the maximum p r o t e i n 
i n c o r p o r a t i o n a t d i f f e r e n t times of i n c u b a t i o n 
and age. 
The time of i n c u b a t i o n was as f o l l o w s : 
A. 0-1 minute 
B. 30 minutes 
C. 1 hour 
D. 5 hours 
E. 7 hours 
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F i g u r e 3.56. E f f e c t o f age on t h e i 4 C - l e u c i n e i n c o r p o r a t i o n 
i n t o L o c u s t a m i g r a t o r i a f l i g h t muscle a t 
d i f f e r e n t ages. 
a. 1-day o l d a d u l t 
b. 3-day o l d a d u l t 
c. 5-day o l d a d u l t 
d. 7-day o l d a d u l t 
The d a t a r e p r e s e n t t h e mean o f two s e p a r a t e 














F a t t y a c i d composition of f l i g h t muscle m i t o c h o n d r i a l p h o s p h o l i p i d s 
during development 
T y p i c a l chromatographic t r a c e s , obtained with a lm g l a s s s p i r a l 
column packed with 3% p o l y e t h y l e n e g l y c o l adipate on a Gaschrome Q i n e r t 
support, are i l l u s t r a t e d i n F i g s 3.57 and 3.58 a,b,c and d. F i g u r e 3.57 
i l l u s t r a t e s the f a t t y a c i d composition c f the a u t h e n t i c standards and 
t h e i r r e t e n t i o n times. These were used to i d e n t i f y the f a t t y a c i d 
composition of the m i t o c h o n d r i a l p h o s p h o l i p i d samples. F i g u r e 3.58 
i l l u s t r a t e s the f a t t y a c i d composition of p h o s p h o l i p i d s , e x t r a c t e d from 
9-day o l d 5th i n s t a r ( a ) , 2-day ( b ) , 5-day (c) and 15-day (d) o l d a d u l t s . 
These t r a c e s show t h a t p a l m i t i c a c i d ( 16:0), s t e a r i c a c i d ( 18:0), o l e i c 
a c i d (18:1), l i n o l e i c a c i d (18:2) and l i n o l e n i c a c i d (18:3) are the 
major f a t t y a c i d c o n s t i t u e n t s of m i t o c h o n d r i a l p h o s p h o l i p i d s . There 
are i n a d d i t i o n a number of s m a l l peaks of unknown o r i g i n . However, 
these r e p r e s e n t e d l e s s than 1% c f the t o t a l p h o s p h o l i p i d f a t t y a c i d s 
p r e s e n t and were t h e r e f o r e omitted from the c a l c u l a t i o n s . 
Table 3.4 shows the f a t t y a c i d composition of f l i g h t muscle 
m i t o c h o n d r i a l p h o s p h o l i p i d s of L o c u s t a . I t can be seen t h a t the major 
f a t t y a c i d component i s l i n o l e n i c a c i d (18:3) which r e p r e s e n t e d more 
than 40% of the t o t a l f a t t y a c i d s p r e s e n t , a t a l l ages s t u d i e d , and 
more than 60% of the t o t a l u n s a t u r a t e d f a t t y a c i d composition. Apart 
from s t e a r i c a c i d (18:0) l i t t l e change was noted i n the r e l a t i v e amounts 
of the v a r i o u s f a t t y a c i d s p r e s e n t a t the d i f f e r e n t ages (see Table 3.4). 
S t e a r i c a c i d (18:0) showed a s i g n i f i c a n t decrease from 18.90 ± 1.00% of 
the t o t a l f a t t y a c i d s p r e s e n t i n 9-day o l d 5th i n s t a r l o c u s t s to 
12.13 ± 0.52% i n 15-day o l d a d u l t s (p < 0.001). 
Table 3.5 shows the r e l a t i v e p r o p o r t i o n of s a t u r a t e d and u n s a t u r a t e d 
f a t t y a c i d s a t the v a r i o u s ages. I t can be seen t h a t t h e r e i s a 
s i g n i f i c a n t change i n the r a t i o of these two groups. Thus the u n s a t u r a t e d / 
s a t u r a t e d r a t i o was 2.30 ± 0.30 i n 9-day o l d 5th i n s t a r l o c u s t s whereas 
t h i s had i n c r e a s e d to 3.30 ± 0.3O by the 15th day of a d u l t l i f e (p < 0.02). 
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F i g u r e 3.57. T y p i c a l chromatograph i l l u s t r a t i n g t h e f a t t y 
a c i d c o m p o s i t i o n o f t h e a u t h e n t i c s t a n d a r d s and 
t h e i r r e t e n t i o n t i m e ( m i n s ) . The method o f 
o p e r a t i n g and c o n d i t i o n s a r e d e s c r i b e d i n t h e 
t e x t . 
BHT, 2 , 6 - d i t e r t i a r y - p a r a - c r e s o l ( f r o n t ) 
16:0, P a l m i t i c a c i d 
16:1, P a l m i t o l e i c a c i d 
18:0, S t e a r i c a c i d 
18:1, O l e i c a c i d 
18:2, L i n o l e i c a c i d 
18:3, L i n o l e n i c a c i d 
20:0, A r a c h n i d i c a c i d 
20:1, E i c o s e n i c a c i d 
20:2, E i c o s a d i e n i c a c i d 
20:3, E i c o s a t r i e o i c 
22:0, Behenic a c i d 
22:1, E r u c i c a c i d 
24:1, N e r v o n i c a c i d 
If) 
CM 
LU CN t— CM C/) 
rn 
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F i g u r e 3.58. R e p r e s e n t a t i v e GLC t r a c e s showing the f a t t y 
a c i d composition of f l i g h t muscle 
m i t o c h o n d r i a l p h o s p h o l i p i d i n l o c u s t s a t 
d i f f e r e n t ages. 
a. 9-day o l d of 5th i n s t a r l a r v a e 
b. 2-day o l d a d u l t 
c. 5-day o l d a d u l t 
d. 15-day o l d a d u l t 
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D i s c u s s i o n 
The p r e s e n t s t u d y has shown t h a t marked changes i n f l i g h t 
muscle m i t o c h o n d r i a l f i n e s t r u c t u r e t a k e p l a c e d u r i n g t h e f i r s t 6 days 
o f a d u l t l i f e . These changes i n c l u d e an i n c r e a s e i n m i t o c h o n d r i a l 
s i z e and t h e number and d e n s i t y o f t h e i r c r i s t a e . S i m i l a r changes 
have been r e p o r t e d by BROSEMER e t a l . (1963) and BUCHER (19 6 b ) . 
F u r t h e r m o r e , i t has been shown t h a t a s s o c i a t e d w i t h t h e s e s t r u c t u r a l 
changes t h e r e i s an i n c r e a s e i n m i t o c h o n d r i a l enzymes (BROSEMER e t a _ l . , 
1963; BEENAKJKERS, 1963) and th o s e enzymes i m p o r t a n t i n c a t a b o l i c 
pathways (BEENAKKERS e t a l . , 1975). I n L o c u s t a m i g r a t o r i a , t h e 
m i t o c h o n d r i a ( i n s i t u ) changed i n s i z e d u r i n g t h e f i r s t 2-3 days o f 
a d u l t l i f e . However, by day 6 t h e m i t o c h o n d r i a were a p p r o x i m a t e l y 
4 - f o l d l a r g e r t h a n i n 1-day o l d i n s e c t s , and t h e i r d i a m e t e r had more-
o r - l e s s d o u b l e d . M i t o c h o n d r i a c o n s t i t u t e d ca. 28.5% o f t h e t o t a l 
muscle f i b r e volume i n 6-day o l d l o c u s t s compared w i t h ca. 24.7% i n 
1-day o l d a d u l t s . These v a l u e s compare w e l l w i t h t h o s e o f BROSEMER 
e t a l . (1963) and BUCHER (1965) who r e p o r t e d t h a t , i n L o c u s t a , t h e 
r e l a t i v e volume o c c u p i e d by t h e m i t o c h o n d r i a i n c r e a s e d f r o m 6% t o 23% 
between t h e 8th day b e f o r e and t h e 1 s t day a f t e r t h e f i n a l e c d y s i s . 
By t h e 8th day a f t e r t h e f i n a l e c d y s i s t h e m i t o c h o n d r i a a t t a i n e d t h e i r 
maximum r e l a t i v e volume o f 30%. BUCHER (1965) d e m o n s t r a t e d t h a t i n 
Lo c u s t a t h e t o t a l f l i g h t muscle mass i n c r e a s e d by a f a c t o r o f 10 d u r i n g 
the e n t i r e d e v e l o p m e n t a l p e r i o d . Thus t h e t o t a l i n c r e a s e i n t h e muscle 
chondriome i s about 5 0 - f o l d . S i m i l a r l y RICHARD e t a l . (1971) r e p o r t e d 
t h a t , i n S c h i s t o c e r c a g r e g a r i a , t h e mass o f t h e f l i g h t muscle i n c r e a s e d 
1 3 - f o l d between t h e b e g i n n i n g o f t h e 5th i n s t a r and t h e o n s e t o f s e x u a l 
m a t u r i t y , and t h a t t h e i n c r e a s e i n m i t o c h o n d r i a l volume was comparable 
w i t h t h a t o f L o c u s t a . I n L e p t i n o t a r s a d e c e m l i n e a t a , DE KORT (1969) has 
shown t h a t t h e f l i g h t muscle m i t o c h o n d r i a o c c u p i e d 4% o f t h e t o t a l 
muscle volume a t t h e t i m e o f a d u l t emergence, and t h a t by t h e 12th day 
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o f a d u l t l i f e t h i s volume had i n c r e a s e d t o 30%. I t i s i n t e r e s t i n g 
t o n o t e t h a t , i n mature f l i g h t muscle o f d i f f e r e n t s p e c i e s , t h e r e a r e 
v a r i a t i o n s i n t h e p r o p o r t i o n o f t h e t o t a l muscle volume o c c u p i e d by 
m i t o c h o n d r i a . For example, m i t o c h o n d r i a occupy 44% o f t h e t o t a l 
f l i g h t muscle i n Neoconocephalus r o b u s t u s (JOSEPHSON and ELDER, 1968; 
ELDER, 1971), 28.5% ( p r e s e n t s t u d y ) and 30% (BUCHER, 1965) i n L o c u s t a 
and 40% i n Aeshna (SMITH, 1961b). I n g e n e r a l , i t seems t h a t , i n 
synchronous f l i g h t muscle, t h e more a c t i v e t h e f l i g h t muscle i s t h e 
more m i t o c h o n d r i a i t c o n t a i n s (HOYLE, 1969). 
S i m i l a r changes t o th o s e d e s c r i b e d above have been r e p o r t e d 
e l s e w h e r e , f o r example, i n Phormia r e g i n a (WATNABE and WILLIAMS, 19 5 3 ) , 
i n Musca d o m e s t i c a (ROCKSTEIN and BHATNAGER, 1965; SOHAL e t a l . , 1972) 
and C a l l i p h o r a e r y t h r o c e p h a l a (TRIBE and ASHHURST, 1972) . LEVENBROOK 
and WILLIAMS (1956) r e p o r t e d t h a t , i n Phormia r e g i n a , t h e w i n g - b e a t 
f r e q u e n c y i s maximum by about t h e 7 t h day o f a d u l t l i f e , and t h a t t h e 
number o f m i t o c h o n d r i a i s i n d e p e n d e n t o f age (6.7 x l 0 8 / t h o r a c i c f l i g h t 
m u s c l e ) . However, t h i s improved f l i g h t p e r f o r m a n c e was a s s o c i a t e d w i t h 
a 3 - f o l d i n c r e a s e i n m i t o c h o n d r i a l d r y w e i g h t i n t h e f i r s t week o f 
a d u l t l i f e . I n Hyalophora c e c r o p i a (MICHEJDA, 1964), t h e average 
m i t o c h o n d r i a l d i a m e t e r i n c r e a s e d f r o m 0.35um on t h e 5 t h day t o 0.8ym 
on t h e 2 0 t h day o f p u p a l l i f e by wh i c h t i m e t h e m i t o c h o n d r i a : m y o f i b r i l 
r a t i o , c h a r a c t e r i s t i c o f t h e a d u l t moth, had been e s t a b l i s h e d . T h i s 
i s i n sha r p c o n t r a s t t o t h e s i t u a t i o n o b s e r v e d i n L o c u s t a i n t h e p r e s e n t 
s t u d y , where marked changes i n t h e m i t o c h o n d r i a : m y o f i b r i l r a t i o were 
ob s e r v e d a f t e r t h e f i n a l e c d y s i s . 
S e v e r a l r e s e a r c h e r s have r e p o r t e d t h e presence o f m i t o c h o n d r i a 
o f d i f f e r i n g f i n e s t r u c t u r e i n t h e f l i g h t muscles o f i n s e c t s . For 
example, GREGORY e t al^. (1968) have d e s c r i b e d two t y p e s o f m i t o c h o n d r i a 
i n f l i g h t muscle o f L u c i l i a c u p r i n a ; one t y p e p r e s e n t i n t h e pupa, 
i n « i c h b o t h t u b u l a r and l a m e l l a r c r i s t a e were observed and a second 
t y p e , f o u n d i n t h e a d u l t , i n w h i c h o n l y l a m e l l a r c r i s t a e o c c u r . 
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ELDER (1971) has r e p o r t e d two d i s t i n c t m i t o c h o n d r i a l c o n f i g u r a t i o n s 
( n o r m a l and v e s i c u l a t e d ) i n t h e v e r y f a s t c o n t r a c t i n g synchronous 
f l i g h t muscle o f mature Keoconocephalus r o b u s t u s . S i m i l a r l y , SIMON 
e t a l . (1969) d e s c r i b e d two t y p e s o f m i t o c h o n d r i a (Type A and B) i n 
Musca d o m e s t i c a f l i g h t muscle. I n c o n t r a s t , o n l y one m i t o c h o n d r i a l 
t y p e was ob s e r v e d i n 6-day o l d a d u l t s i n t h e p r e s e n t s t u d y . These 
possessed c h a r a c t e r i s t i c a l l y dense m a t r i c e s and numerous d e n s e l y packed 
c r i s t a e and a r e n o t t o o d i f f e r e n t f r o m Type B m i t o c h o n d r i a d e s c r i b e d 
by SIMON e t a l . ( 1 9 6 9 ) . Type A m i t o c h o n d r i a w h i c h a r e c h a r a c t e r i s e d 
by l e s s dense m a t r i c e s and few c r i s t a e were o n l y o bserved i n 1-day o l d 
a d u l t L o c u s t a . S i m i l a r o b s e r v a t i o n s have been r e p o r t e d i n Homorocoryphus 
n i t i d u l u s (ANSTEE, 1971) and i n A t t a g e n u s megatoma (BUTLER and NATH, 1972). 
I n c o n t r a s t t o t h e p r e s e n t s t u d i e s r e p o r t e d above on L o c u s t a , 
two d i s t i n c t t y p e s o f m i t o c h o n d r i a were f r e q u e n t l y f o u n d i n s e c t i o n s 
t h r o u g h p e l l e t s o f i s o l a t e d m i t o c h o n d r i a , a t a l l ages s t u d i e d . The 
e x a c t s i g n i f i c a n c e o f these two s t r u c t u r a l t y p e s i s u n c e r t a i n . However, 
t h e r e i s ev i d e n c e t o suggest t h a t a s s o c i a t e d w i t h t h e f u n c t i o n a l s t a t e 
o f t h e m i t o c h o n d r i a t h e r e a r e changes i n f i n e s t r u c t u r e . TRIBE and 
ASHHURST (1972) have r e p o r t e d a v a r i e t y o f c o n f o r m a t i o n a l changes i n 
m i t o c h o n d r i a i s o l a t e d f r o m C a l l i p h o r a e r y t h r o c e p h a l a f l i g h t muscle, 
whic h can be c o r r e l a t e d w i t h t h e i r d i f f e r e n t r e s p i r a t o r y s t a t e s ( i . e . 
S t a t e I I I and I V , as d e f i n e d by CHANCE and WILLIAMS, 1955a). They 
co n c l u d e d t h a t t h e s e changes a re comparable t o th o s e seen i n mammalian 
m i t o c h o n d r i a (GOYER and KROLL, 1969; HACKENBROCK, 1966; PENNISTOR e t a l . 
(1968), though i t has been suggested by STONER and SIRAK (1969) and 
BUTLER and JUDAH (1970) t h a t some o f t h e c o n f o r m a t i o n s m i g h t be a r t e f a c t s . 
However, SMITH ejt al_. (1970) have r e p o r t e d t h a t c o n f o r m a t i o n a l changes can 
be i n d u c e d i n s i t u i n t h e f l i g h t muscle m i t o c h o n d r i a o f Phormia r e g i n a 
and Musca d o m e s t i c a by t h e i n j e c t i o n o f C h l o r a m p h e n i c a l , an i n h i b i t o r 
o f m i t o c h o n d r i a l p r o t e i n s y n t h e s i s . 
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As m e n t i o n e d i n t h e R e s u l t s s e c t i o n , t h e main s i z e change i n 
i s o l a t e d m i t o c h o n d r i a was observed between t h e 1 s t and 2nd days o f 
a d u l t l i f e . T h e r e a f t e r , l i t t l e change i n mean m i t o c h o n d r i a l s i z e 
was o b s e r v e d d u r i n g t h e p e r i o d o f t h i s s t u d y . These f i n d i n g s c o n t r a s t 
m a r k e d l y w i t h t h o s e r e p o r t e d by TRIBE and ASHHURST (1972) f o r i s o l a t e d 
m i t o c h o n d r i a f r o m t h e f l i g h t muscle o f C a l l i p h o r a e r y t h r o c e p h a l a . 
They showed t h a t t h e r e was good agreement between t h e mean s i z e o f 
i s o l a t e d m i t o c h o n d r i a f r o m a g i v e n s t a g e and t h e i r s i z e i r i s i t u . B oth 
i n s i t u and in_ v i t r o m i t o c h o n d r i a i n c r e a s e d i n s i z e w i t h age. However, 
i n a s i m i l a r s t u d y on m i t o c h o n d r i a l s i z e i n s i t u and i n v i t r o i n 
H y a l o p h o r a c e c r o p i a , MICHEJDA (1964) showed t h a t i s o l a t e d m i t o c h o n d r i a 
were l a r g e r t h a n t h o s e o bserved i r i s i t u a t t h e same age. He s u g g e s t e d 
t h a t such an i n c r e a s e i n the s i z e o f i s o l a t e d m i t o c h o n d r i a m i g h t be 
due e i t h e r t o s w e l l i n g o r t o t h e i r r e m o v a l f r o m t h e i n f l u e n c e o f i n t r a -
t i s s u e f o r c e s . 
The f a t t y a c i d c o m p o s i t i o n o f membrane p h o s p h o l i p i d s i s known 
t o a f f e c t t h e f l u i d i t y o f t h e membrane, t h a t i s , t h e a b i l i t y o f t h e 
component m o l e c u l e s t o move i n a l a t e r a l d i r e c t i o n i n d e p e n d e n t l y o f 
each o t h e r (VAN DEENEN, 1972; PASTERRAK, 1977; CHERQI ejt a l . , 1979). Thus 
membranes c o n t a i n i n g p h o s p h o l i p i d s r i c h i n u n s a t u r a t e d f a t t y a c i d s f o r m 
l e s s compact b i l a y e r s (more f l u i d ) t h a n t h o s e c o n t a i n i n g p h o s p h o l i p i d s 
r i c h i n s a t u r a t e d f a t t y a c i d s . I n the p r e s e n t s t u d y , i t was shown t h a t 
t h e f a t t y a c i d s p r e s e n t i n m i t o c h o n d r i a l p h o s p h o l i p i d s o f L o c u s t a 
m i g r a t o r i a d i d n o t change over t h e p e r i o d s t u d i e d (9-day 5th i n s t a r -
15-day o l d a d u l t s ) . There was, however, a s i g n i f i c a n t decrease i n 
t h e r e l a t i v e amount o f s t e a r i c a c i d (18:0) p r e s e n t i n o l d e r i n s e c t s . 
F u r t h e r m o r e , t h e u n s a t u r a t e d : s a t u r a t e d f a t t y a c i d s r a t i o i n c r e a s e d 
s i g n i f i c a n t l y w i t h age, and t h i s s u g gests t h a t t h e m i t o c h o n d r i a l membrane 
i n e a r l y a d u l t l i f e may be l e s s f l u i d t h a n i n more mature i n s e c t s . R e c e n t l y , 
CHERQI e t a l . , (1979) has suggested t h a t i n r a t s , i n c r e a s e d f l u i d i t y 
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o f a d i p o c y t e plasma membrane us a s s o c i a t e d w i t h an i n c r e a s e i n 
p e r m e a b i l i t y . A s i m i l a r r e l a t i o n s h i p i n L o c u s t a m i t o c h o n d r i a would 
i m p l y i n c r e a s e d p e r m e a b i l i t y w i t h t h e o n s e t o f f l i g h t muscle m a t u r i t y 
and t h i s i n t u r n would p e r m i t g r e a t e r m e t a b o l i c a c t i v i t y . 
A t no t i m e i n t h e p r e s e n t s t u d y , on a d u l t f l i g h t muscle, were 
any s t r u c t u r e s o b s e r v e d w h i c h m i g h t be t a k e n to r e p r e s e n t i n c o m p l e t e 
m i t o c h o n d r i a , o r m i t o c h o n d r i a l p r e c u r s o r s . The o b s e r v a t i o n s a r e 
c o n s i s t e n t w i t h t h o s e r e p o r t e d by BUCHER (1965) t h a t t h e i n c r e a s e i n 
th e chondriome, i n L o c u s t a f l i g h t muscle, i s m a i n l y due t o t h e g r o w t h 
o f e x i s t i n g m i t o c h o n d r i a . However, BROSEMER e t a l . (1963) and RICHARD 
e t a l (1971) have r e p o r t e d m i t o c h o n d r i a l d i v i s i o n i n d e v e l o p i n g f l i g h t 
muscle o f L o c u s t a m i g r a t o r i a and 5th i n s t a r S c h i s t o c e r c a g r e g a r i a . 
S i m i l a r l y , DE KORT (1969) r e p o r t e d a s i g n i f i c a n t i n c r e a s e i n m i t o c h o n d r i a l 
numbers i n f l i g h t muscle o f L e p t i n o t a r s a d e c e m l i n e a t a d u r i n g t h e f i r s t 
few days a f t e r t h e f i n a l e c d y s i s . He c o n c l u d e d t h a t t h i s was due t o 
m i t o c h o n d r i a l d i v i s i o n . The l a t t e r has a l s o been r e p o r t e d i n t h e f a t 
body o f Calpodes e t h l i u s (LARSEN, 1970). No s i g n s o f m i t o c h o n d r i a l 
d i v i s i o n were o b s e r v e d i n t h e p r e s e n t s t u d y . I t must be c o n c l u d e d , 
t h e r e f o r e , t h a t i f m i t o c h o n d r i a l d i v i s i o n t a k e s p l a c e i n t h e f l i g h t 
muscle o f L o c u s t a , i t does so p r i o r t o t h e f i n a l e c d y s i s , as i n 
S c h i s t o c e r c a g r e g a r i a (RICHARD e t a l . , 1971) . 
I n L o c u s t a , i t was n o t e d t h a t as development proceeded t h e r e was 
a decrease i n t h e number o f m i t o c h o n d r i a p e r sarcomere i n d i c a t i n g 
m i t o c h o n d r i a l e l o n g a t i o n . A s i m i l a r phenomenon has been r e p o r t e d by 
HEROLD (1965), i n A p i s m e l l i f e r a , who suggested t h i s was a c h i e v e d by 
t h e f u s i o n of a d j a c e n t m i t o c h o n d r i a . Such m i t o c h o n d r i a l f u s i o n a t 
v a r i o u s s t a g e s of development has been suggested e l s e w h e r e , e.g. i n 
Hyalophora c e c r o p i a (MICHEJDA, 1964), i n L u c i l i a c u p r i n a (GREGORY e t a l . , 
1968), i n Musca d o m e s t i c a (SOHAL and ALLISON, 1971; SOHAL e t a l . , 1972; 
SOHAL, 1976; WEEB and TRIBE, 1974), i n C a l l i p h o r a e r y t h r o c e p h a l a (TRIBE 
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and ASHHURST, 1972; WEEB and TRIBE, 1974) and i n A t t a g e n u s megatma 
(BUTLER and NATH, 1972). TRIBE and ASHKURST (1972) showed t h a t 
m i t o c h o n d r i a l s i z e i n C a l l i p h o r e f l i g h t muscle i n c r e a s e d f r o m 1.66um 
i n 2-day o l d a d u l t s t o 2.28vim by t h e 1 0 t h day o f a d u l t l i f e . However, 
d u r i n g t h i s p e r i o d t h e y f o u n d no i n c r e a s e i n t h e r e l a t i v e volume o f 
t h e muscle m i t o c h o n d r i a . F u r t h e r m o r e , a u t o r a d i o g r a p h i c s t u d i e s 
r e v e a l e d t h a t newly s y n t h e s i z e d p r o t e i n c o u l d a c c o u n t f o r o n l y a 4-8% 
i n c r e a s e i n m i t o c h o n d r i a l s i z e , w h i l s t a 25% s i z e i n c r e a s e was n o t e d 
i n e l e c t r o n m i c r o s c o p i c a l and C o u l t e r c o u n t e r s t u d i e s (see a l s o WEEB 
and TRIBE, 1974) . They c o n c l u d e d t h a t t h e s e o b s e r v a t i o n s were b e s t 
e x p l a i n e d by m i t o c h o n d r i a l f u s i o n . A s i m i l a r c o n c l u s i o n was r e c o r d e d 
by SOHAL (1976) w i t h Musca d o m e s t i c a . He r e p o r t e d t h a t w h i l s t t h e 
number o f m i t o c h o n d r i a was reduced by more t h a n 44% between t h e 1 s t 
and 9 t h day o f a d u l t l i f e , t h e mean area o f i n d i v i d u a l m i t o c h o n d r i a l 
p r o f i l e s i n c r e a s e d by 143% and t h e r e l a t i v e a r ea o f t h e sarcoplasm 
o c c u p i e d by m i t o c h o n d r i a i n c r e a s e d by 43%. Moreover, SOHAL (1976) 
d e s c r i b e d t h e f o r m a t i o n o f h i g h l y e l o n g a t e d and i r r e g u l a r l y shaped 
m i t o c h o n d r i a , w h i c h a r e o f t e n r e f e r r e d t o a s " g i a n t " m i t o c h o n d r i a by 
s i d e - t o - s i d e and end-to - e n d , as w e l l as o b l i q u e f u s i o n . On t h e b a s i s 
o f t h e p r e s e n t s t u d y , i t appears t h a t i n L o c u s t a , e n d-to-end f u s i o n i s 
t h e m a jor mechanism by wh i c h m i t o c h o n d r i a l e l o n g a t i o n i s e f f e c t e d . 
The s t r u c t u r a l mechanism o f f u s i o n has been d e s c r i b e d by SOHAL (1976). 
I n i t i a l l y j o i n i n g o f t h e o u t e r m i t o c h o n d r i a l membranes i n t o a s i n g l e 
t h i c k membrane o c c u r s f o l l o w e d by t h e development o f r e g u l a r l y p a t t e r n e d 
c r i s t a e a t t h e s i t e o f f u s i o n . The n a t u r e o f t h e f a c t o r ( s ) c a u s i n g 
m i t o c h o n d r i a l f u s i o n i s unknown. However, TANDLER e t al_ . (1968) have 
suggested t h a t m i t o c h o n d r i a l f u s i o n may be r e l a t e d t o t h e i n t r a c e l l u l a r 
d i s t r i b u t i o n o f membrane components such as p h o s p h o l i p i d s . I t has been 
d e m o n s t r a t e d t h a t i n Neurospora, low c o n c e n t r a t i o n s o f c h o l i n e , a 
p r e c u r s o r o f l e c i t h i n ( c h o l i n e p h o s p h o g l y c e r i d e ) , i n t h e medium 
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r e s u l t e d i n an i n c r e a s e i n m i t o c h o n d r i a l s i z e (LUCK, 1965). I t i s 
not known whether m i t o c h o n d r i a l f u s i o n i n i n s e c t f l i g h t muscle i s 
r e l a t e d to such changes i n the i n t r a c e l l u l a r c o n c e n t r a t i o n of membrane 
macromolecules or not. 
The s p e c i f i c a c t i v i t y of l l t C - l e u c i n e i n c o r p o r a t i o n i n t o f l i g h t 
muscle m i t o c h o n d r i a l p r o t e i n of a d u l t L o c u s t a , was maximal i n 3-day 
o l d animals. S i m i l a r l y , i n S c h i s t o c e r c a g r e g a r i a , RICHARD et. a l . (1971) 
showed t h a t the i n c o r p o r a t i o n of 1 **C-phenylalanine i n t o m i t o c h o n d r i a l 
p r o t e i n was maximal i n 2-day o l d a d u l t s and t h a t m i t o c h o n d r i a l p r o t e i n 
s y n t h e s i s decreased i n o l d e r a d u l t s . KLEINOW e t a l . (1970) showed t h a t 
1 1 + C - i s o - l e u c i n e i n c o r p o r a t i o n i n t o a d u l t f l i g h t muscle m i t o c h o n d r i a l 
p r o t e i n of L o c u s t a decreased w i t h age. R e c e n t l y , VAN MARREWIJIK e_t a l . 
(1980) showed t h a t the r e l a t i v e amount of the f r e e l e u c i n e i s not 
c o n s t a n t i n developing f l i g h t muscle of L o c u s t a m i g r a t o r i a ; the l e u c i n e 
c o n c e n t r a t i o n was g r e a t e s t i n 1-day o l d a d u l t l o c u s t s , being 1.82umoles/gm 
f r e s h weight and then decreased d r a m a t i c a l l y to O.63umoles/gm f r e s h weight 
by the 4th day and then i n c r e a s e d s l i g h t l y to 0.85pmoles/gm f r e s h weight 
by day 8. Such changes i n the s i z e of the " l e u c i n e pool" c l e a r l y have 
i m p l i c a t i o n s f o r the p r e s e n t s t u d i e s on l l t C - l e u c i n e i n c o r p o r a t i o n i n t o 
m i t o c h o n d r i a l p r o t e i n . I t may, t h e r e f o r e , be s i g n i f i c a n t t h a t the 
changing s i z e of the " l e u c i n e pool" i s the i n v e r s e of l l * C - l e u c i n e 
i n c o r p o r a t i o n i n t o m i t o c h o n d r i a l p r o t e i n . The peak i n c o r p o r a t i o n of 
1 1 + C - l e u c i n e , observed i n the 3-day o l d a d u l t l o c u s t s , may be p a r t l y due 
to the reduced s i z e of the " l e u c i n e pool" a t t h i s time. 
The p r e s e n t study showed t h a t the amount of m i t o c h o n d r i a l p r o t e i n 
per thorax i n c r e a s e d approximately 7 - f o l d from the 9th day of 5th i n s t a r 
t o the 6th day of a d u l t l i f e . More than h a l f of t h i s i n c r e a s e 
took p l a c e during the f i n a l e c d y s i s . T h i s s u b s t a n t i a l i n c r e a s e i n 
m i t o c h o n d r i a l p r o t e i n per thorax over the p e r i o d of the f i n a l e c d y s i s 
may be e x p l a i n e d i n two ways: (1) The i n c r e a s e may be due to an a c t u a l 
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increase i n protein synthesis during the period of the f i n a l ecdysis. 
(2) The increase may be due to improved extraction of mitochondria 
in the adult. I t i s possible that with pre-adult muscle the 
mitochondria which are smaller may be more f r a g i l e . This would lead 
to a decrease i n the y i e l d of the mitochondria extracted from 5th 
in s t a r f l i g h t muscle. Whether the large differences i n the l e v e l of 
mitochondrial protein observed between the 9th day of the 5th in s t a r 
and the 1st day of adult l i f e i n the present study are r e a l differences 
or exaggerated by variation i n the ef f i c i e n c y of mitochondrial extraction i s 
uncertain.. Nevertheless, the increase i n s i z e and c r i s t a l density 
of the mitochondria i n 1-6 day old adult locusts suggest that an 
increase i n mitochondrial protein i s c e r t a i n l y occurring at t h i s time. 
Other workers have reported large changes i n mitochondrial protein at 
the time of f i n a l ecdysis. HOLMES and KEELEY (1975) reported an increase 
i n mitochondrial protein from 4mg to 12.8mg per thorax over the 
period of f i n a l ecdysis i n Heliothis virescens. In L u c i l i a cuprina, 
LENNIE and BIRT (1967) observed two periods of incorporation of 
protein into f l i g h t muscle mitochondria at the expense of soluble 
protein. The f i r s t period of protein incorporation was recorded 
immediately following pupation and the second period was during the 
pupal-adult ecdysis. WALKER and BIRT (1969), also working with 
L u c i l i a cuprina, reported that there was an increase i n the s p e c i f i c 
gravity of the mitochondrial population over the period of the f i n a l 
ecdysis. In the present study a 3.2-fold increase was observed i n 
mitochondrial protein during the f i r s t 6-days of adult l i f e . Similar 
increases i n thoracic mitochondrial protein (2.6-fold) have been 
reported for Musca domestica (VAN DEN BERGH, 1962) and Glossina 
morsitans (BURSELL, 1973) during the f i r s t 3 weeks of adult l i f e , 
w h i lst RICHARD et al. (1971) reported a 7-fold increase i n t o t a l 
mitochondrial protein from 4th day of 5th in s t a r to 20th day of adult 
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l i f e . I t seems, t h e r e f o r e , t h a t w h i l s t m i t o c h o n d r i a l growth i s i n 
p a r t due to m i t o c h o n d r i a l f u s i o n (see e a r l i e r ) n e v e r t h e l e s s , c o n s i d e r a b l e 
i n c o r p o r a t i o n of new p r o t e i n i n t o mitochondria i s a l s o i n v o l v e d . 
The change i n the r a t i o of m i t o c h o n d r i a l s i z e to m y o f i b r i l l a r 
s i z e suggest t h a t the growth r a t e s of these o r g a n e l l e s are not c o n s t a n t 
(see F i g . 3.59). The r a t i o decreased from 0.45 on day 1 to 0.27 on 
day 3 of a d u l t l i f e and then i n c r e a s e d to a v a l u e of 0.53 by day 6 
of a d u l t l i f e . T h i s l a t t e r v a l u e i s s i m i l a r to t h a t r e p o r t e d by 
MICHEJDA (1964) i n Hyalophora c e c r o p i a . When the r e l a t i v e p r o p o r t i o n s 
of t o t a l muscle volume occupied by mitochondria and m y o f i b r i l s (see 
Table 3.2) were compared, a s i m i l a r p a t t e r n emerged, i . e . an i n i t i a l 
d e crease i n the r a t i o followed by an i n c r e a s e . On t h i s b a s i s , one 
can deduce t h a t m y o f i b r i l l a r growth proceeds m i t o c h o n d r i a l enlargement, 
but the l a t t e r subsequently r e s t o r e s the o r i g i n a l r e l a t i o n s h i p between 
the c o n t r a c t i l e machinery and the o r g a n e l l e s supplying the energy f o r 
c o n t r a c t i o n . 
RICHARD e_t aJL. (1971) have shown t h a t the a c t i n and myosin 
f r a c t i o n s c o n s t i t u t e the major p r o t e i n p r e s e n t i n the f l i g h t muscle 
of S c h i s t o c e r c a g r e g a r i a . Furthermore, the r e l a t i v e p r o p o r t i o n of 
these p r o t e i n s i n c r e a s e d from 50.9% of t o t a l muscle p r o t e i n i n 1-day 
o l d a d u l t s to 59.9% by the 4th day of a d u l t l i f e before s t a b i l i z i n g 
a t t h i s l e v e l . BUCHER (1965) has r e p o r t e d t h a t t h e r e i s a s u b s t a n t i a l 
i n c r e a s e i n the number of m y o f i b r i l s i n i n d i v i d u a l muscle f i b r e s 
(from c a . 30 to 1000) during the "phase of d u p l i c a t i o n " , from the 
3rd-8th day f o l l o w i n g the f i n a l e c d y s i s . T h i s o b s e r v a t i o n i s 
c o n s i s t e n t with the f a c t t h a t " l o n g i t u d i n a l s p l i t t i n g " of m y o f i b r i l s 
was observed i n the p r e s e n t study during the f i r s t 4 days of a d u l t l i f e . 
As mentioned e a r l i e r , GOLDSPINK (1970) was the f i r s t to provide e l e c t r o n 
micrographs as evidence f o r m y o f i b r i l l a r s p l i t t i n g . He suggested t h a t 
t h i s mechanism e x p l a i n e d the s u b s t a n t i a l i n c r e a s e i n the number of 
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F i g u r e 3.59. E f f e c t of age on the r a t i o between m i t o c h o n d r i a l 
s i z e and m y o f i b r i l l a r s i z e i n f l i g h t muscle of 
L o c u s t a m i g r a t o r i a . 
The r a t i o s were c a l c u l a t e d from the mean v a l u e s 
shown i n T a b l e s 3.3 and 3.1 f o r m i t o c h o n d r i a l 
and m y o f i b r i l l a r s i z e , r e s p e c t i v e l y . 
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m y o f i b r i l s per muscle f i b r e i n p o s t - n a t a l mouse development. S i n c e 
t h i s time m y o f i b r i l l a r s p l i t t i n g has been r e p o r t e d i n i n s e c t and 
c r u s t a c e a n muscles (HUDDART, 1975). GOLDSPINK (1971) proposed a 
mechanism to e x p l a i n " l o n g i t u d i n a l s p l i t t i n g " . He observed t h a t the 
p e r i p h e r a l a c t i n f i l a m e n t s run s l i g h t l y o b l i q u e l y from the Z-band, 
and suggested t h a t when t e n s i o n i s developed by two a d j a c e n t sarcomeres 
the o b l i q u e p u l l on the a c t i n f i l a m e n t s w i l l produce s t r e s s i n the 
c e n t r e of the Z-band. When the m y o f i b r i l a t t a i n s a c e r t a i n t h i c k n e s s 
the t e n s i o n developed w i l l be s u f f i c i e n t to t e a r a hole i n the c e n t r e 
of the Z-band and the r i p would then extend to the end of the Z-band. 
The advantage of such a s p l i t t i n g p r o c e s s i s t h a t i t a l l o w s the SR 
and T-system to develop a t the same r a t e as the c o n t r a c t i l e apparatus 
and permits the mitochondria to become i n t e r s p e r s e d between the 
m y o f i b r i l s (GOLDSPINK, 1970). The l a t t e r i s important i n t h a t i t 
e nsures the a v a i l a b i l i t y of energy f o r mechanical a c t i v i t y . 
GOLDSPINK (1970) found t h a t s p l i t t i n g m y o f i b r i l s were about tw i c e the 
s i z e of n o n - s p l i t t i n g m y o f i b r i l s . He concluded t h a t , i n mouse muscle 
development, t h i s was the mechanism whereby m y o f i b r i l s i n c r e a s e i n number 
w i t h i n a muscle r a t h e r than "new" m y o f i b r i l s a r i s i n g by de novo 
s y n t h e s i s as has been r e p o r t e d i n embryonic c h i c k (FISCHMAN, 1967) 
and i n the e a r l y stages of development i n D r o s o p h i l a melanogaster 
(SAFIQE, 1963) and C a l l i p h o r a e r y t h r o c e p h a l a (AUBER, 1969). Thus 
" l o n g i t u d i n a l s p l i t t i n g " o f m y o f i b r i l s would r e s u l t i n the production 
of s m a l l e r m y o f i b r i l s . From the p h y s i o l o g i c a l s t a nd-point, the l a t t e r 
i s very important i n f a s t - a c t i n g synchronous f l i g h t muscle, because 
the l a r g e r the m y o f i b r i l s s i z e , the g r e a t e r i s the d i s t a n c e between 
the c e n t r a l myofilaments and the surrounding SR (FARENBACH 1963; AUBER, 
1967b;EBASHI and ENDO, 1968; ELDER, 1971). I n other words, the C a 2 + 
would need a longer time to d i f f u s e to the c e n t r a l myofilaments t o 
t r i g g e r the c o n t r a c t i o n . T h i s agrees w i t h the f a c t t h a t s m a l l 
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m y o f i b r i l s a r e rep o r t e d to be m e c h a n i c a l l y more a c t i v e 
(ELDER, 1971, 1975). I n c o n t r a s t , i n asynchronous f l i g h t muscle, 
m y o f i b r i l l a r s p l i t t i n g i s not found beyond the e a r l y s t a g e s of 
formation i n s p i t e of a l a r g e a d d i t i o n of myosin f i l a m e n t s . 
Consequently the m y o f i b r i l s grow to a very l a r g e s i z e (AUBER, 1969). 
The p r e s e n t study showed t h a t i n the f i r s t 4 days a f t e r the 
f i n a l e c d y s i s t h e r e was a 3.2-fold i n c r e a s e i n m y o f i b r i l s i z e . A 
c l e a r l e v e l l i n g o f f was seen around the 4th-5th day. T h i s i n c r e a s e i n 
m y o f i b r i l s i z e i s a l s o r e f l e c t e d i n an i n c r e a s e i n the number of myosin 
f i l a m e n t s per m y o f i b r i l . S i m i l a r l y , BURSELL e t a l . (1971) r e p o r t e d a 
marked correspondence between the i n c r e a s e i n m y o f i b r i l volume and the 
es t i m a t e d c o n t r a c t i l e p r o t e i n during the growth of G l o s s i n a m o r s i t a n s . 
They found t h a t the bulk of the c o n t r a c t i l e p r o t e i n was s y n t h e s i s e d by 
the 8th day of a d u l t l i f e . Working w i t h the same s p e c i e s , ANDERSON 
and FINLAYSON (1973) confirmed t h i s r e s u l t by showing t h a t the number 
of myosin f i l a m e n t s per m y o f i b r i l i n c r e a s e d during the same p e r i o d . 
AUBER (1969) found t h a t i n C a l l i p h o r a e r y t h r o c e p h a l a the number of 
t h i c k f i l a m e n t s v i s i b l e i n a c r o s s - s e c t i o n of a s i n g l e m y o f i b r i l of 
a d o r s a l l o n g i t u d i n a l muscle f i b r e i n c r e a s e d from 669-1186 a t the 
time of e c d y s i s to a maximum of around 20CO a f t e r 10 days of a d u l t 
l i f e . I n the p r e s e n t study, w h i l s t the number of myosin f i l a m e n t s 
i n c r e a s e d with age, no s t a t i s t i c a l l y s i g n i f i c a n t changes i n a c t i n : 
myosin r a t i o (ca. 3:1) could be demonstrated over the 6-day p e r i o d 
s t u d i e d . I t would appear, t h e r e f o r e , t h a t both a c t i n and myosin 
f i l a m e n t s i n c r e a s e a t a more-or-less e q u i v a l e n t r a t e . T h i s i s i n 
c o n t r a s t to the f i n d i n g of VALVASSORI e t a l . (1978), who re p o r t e d t h a t 
i n the dragonfly Aeschna mixta the a c t i n : myosin f i l a m e n t s r a t i o 
i s q u i t e high i n i t i a l l y ( c a . 4-4.5 : 1) but r a p i d l y drops to the 
f i n a l 3:1 r a t i o when the m y o f i b r i l s a r e w e l l developed. S i m i l a r 
changes i n the number of a c t i n s around each myosin have been r e p o r t e d 
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between the "slow l a r v a l " and "fast adult" of Manduca sexta dorsal 
longitudinal muscle (RHEUBEN and KAMMER, 1980). The r a t i o of 3:1 
between actin and myosin observed i n Locusta f l i g h t muscle i s of 
widespread occurrence i n f l i g h t muscle of both synchronous and 
asynchronous type, although several exceptions have been noted i n 
synchronous f l i g h t muscle of certain species (SMITH, 1966a/"PRINGLE, 
1972; ELDER, 1975; HUDDART, 1975). 
From the functional point of view, AUBER (1966) noted the 
correspondence of a slow work rhythm to a high r a t i o (greater than 
3:1) of t h i n to thick filaments. In f l i g h t muscle t h i s i s i l l u s t r a t e d 
by the 4:1 r a t i o found i n b u t t e r f l i e s Vanessa p i e r i s i n which the wing 
frequency i s less than 10Hz (AUBER, 1967a,b) and 3:1 r a t i o i n the 
f l i g h t muscle of Neoconocephalus robustus, which employs a maximum 
frequency of 212Hz (JOSEPHSON and HALVERSON, 1971). I t would appear, 
therefore, that i n f l i g h t muscle the hexagonal arrangement of actin 
and myosin i s the most e f f i c i e n t for maximum force and speed of 
m y o f i b r i l l a r contraction (AUBER, 1967a). However, JAHROMI and ATWOOD 
(1969) reported that i n Periplaneta americana leg, despite differences 
i n the r a t i o of actin to myosin filaments i n the A-band region of 
fi b r e s of muscle 136 and 137 (6 ac t i n : 1 myosin) and muscle 135a 
and 135c (3 actin : 1 myosin), no differences could be detected i n the 
speed of contraction nor i n the a b i l i t y of these muscles to develop 
s i g n i f i c a n t l y d i f f e r e n t tensions. 
The process whereby more act i n and myosin are added to the 
m y o f i b r i l i s not known with certainty (GOLDSPINK, 1974). However, the 
study of AUBER (1965, 1969) on the addition of myofilaments i n 
developing Calliphora erythrocephala has shown that myosin i s added 
at the periphery of the m y o f i b r i l s . The "new" myosin filaments often 
show a smaller diameter compared with that found i n the middle of the 
m y o f i b r i l , indicating that the construction of these peripheral 
89 
filaments may be incomplete. MORKIN (1970) has studied t h i s 
phenomenon by using radioautography i n conjunction with electron 
microscopy during the assembly of post-natal muscle f i b r e i n chicken. 
He reported that the newly formed c o n t r a c t i l e proteins (both actin 
and myosin) are added to the outside of the peripheral region of the 
my o f i b r i l which does seem reasonable as i t i s d i f f i c u l t to imagine new 
myosin filaments being produced at, or being attached, to the centre 
of the m y o f i b r i l (GOLDSPINK, 1974). 
The average sarcomere length increased from 2.34pm i n 1-day old 
adult locusts to 3.19)im i n 6-day old adult locusts (p > 0.001) . This 
was accompanied by the appearance of a well defined I-band. Similar 
increases have been reported i n vertebrate muscle (GOLDSPINK, 1968) 
and i n invertebrate muscles (ARONSON, 1961; SHAFIQ, 1963; AUBER, 1965, 
1969). Two explanations of increasing sarcomere length have been 
suggested: ( i ) the deposition of new protein sub-units to the end 
of the myofilaments; ( i i ) the re s u l t of the s l i d i n g filament mechanism. 
AUBER (1969) has measured the sarcomere length i n Calliphora erythrocephala 
during development, and reported t h a t , w h i l s t the sarcomere length 
increased from 2pm on the 6th day before to 3.2pm at ecdysis, no 
si g n i f i c a n t change i n I-band size was noted at any stage. He concluded, 
therefore, that some increase i n myofilaments length was taking place 
by deposition of new protein. However, GOLDSPINK (1968) has shown that 
i n mice the sarcomeres which increase from 2.3pm i n new born animals to 
2.8pm i n the adult do so by the sliding-myofilament mechanism rather than 
by a change i n myofilament length. Whilst i t i s d i f f i c u l t to reach a 
f i n a l conclusion about the method of sarcomere elongation i n Locusta, 
on the basis of the present study, the fact that the I-bands increase 
i n size with increasing sarcomere length suggests that the s l i d i n g -
myof ilament explanation i s the more appropriate here. 
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As indicated above, concomitant changes occur i n SR and 
T-system during the growth and development of the other components. 
The SR begins as a network of tubules between the myofibrils and 
growth, and development takes place by the formation of dyadic 
junctions between SR and T-system at the lev e l of the A-band. 
Similar results have been reported i n synchronous s l i g h t muscle of 
Antherea pernyi (BIENZ-ISLER, 1968b). Throughout the present study 
both the SR and T-system were affected by the penetration of the 
tracheoles. These arise from tracheoblasts which invade the muscle 
fibres of locust f l i g h t muscle during the f i r s t few days before and 
after the f i n a l ecdysis (BUCHER, 1965). As the tracheoblasts 
penetrate the muscle they draw the muscle c e l l membrane with them 
and consequently pa r t i c i p a t e i n d i s t r i b u t i n g the T-system between 
the m y o f i b r i l (SMITH, 1961, 1965; BUCHER, 1965; DE KORT, 1969). 
A correlation between the degree of SR development and mechanical 
function has been suggested (EDWARDS et a l . , 1956). Sim i l a r l y , SMITH 
(1962a) has suggested that a good corre l a t i o n exists between the amount 
of SR (excluding asynchronous f l i g h t muscle) and the rate of relaxation 
found i n insect f l i g h t muscle. TYRER (1973) has reported that i n 
Locusta inter-segmental muscle, the maximal contraction rate i s 
attained before the maximal relaxation rate and the former coincides 
with the development of the T-system and dyads. Subsequently, the f u l l 
relaxation i s attained when the SR i s f u l l y developed. Whether t h i s 
i s also true i n Locusta f l i g h t muscle remains to be established. 
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CHAPTER 4 
AGE RELATED CHANGES IN THE RESPIRATORY PHYSIOLOGY AND ENERGY 
PRODUCTION IN THE FLIGHT MUSCLE OF LOCUSTA MIGRATORIA 
Introduction 
The f l i g h t muscle mitochondria of adult Locusta migratoria 
occupies approximately 30% of the t o t a l f l i g h t muscle volume (see 
Chapter 3). These organelles contain the enzymes of the t r i c a r b o x y l i c 
acid cycle, the 6-oxidation pathway and the respiratory chain (review 
by DE HAAN et a l . , 1973). The oxidation of the respiratory fuels by 
mitochondria leads to the production of hydrogen atoms (or the electrons 
derived from them) which then pass through the respiratory chain. 
Associated with the electron transport to oxygen via the respiratory 
chain, a coupling process l i n k s the reoxidation of the electron c a r r i e r 
to the phosphorylation of ADP to ATP at d i f f e r e n t s i t e s along the chain 
(see Fig. 4.1). The oxidation of the NAD-linked substrates leads to the 
phosphorylation of ADP at three sites along the respiratory chain and 
to the formation of three molecules of ATP per atom of oxygen reduced 
(ADP:0 r a t i o = 3). Other metabolites such as succinate and a-glycero-
phosphate are dehydrogenated by flavoproteins and consequently bye-pass 
the f i r s t phosphorylation s i t e i n the chain; the electrons therefore 
feed d i r e c t l y i n t o ubiquinone with the re s u l t that only two molecules 
of ATP are formed (at sites I I and I I I , Fig. 4.1) per atom of oxygen 
reduced (ADP:0 r a t i o = 2). 
The energy for muscular contraction during f l i g h t i n Locusta i s 
derived largely from the aerobic degradation of the f i n a l products of 
carbohydrates and l i p i d s (BEENAKKERS, 1969; ANDY, 1970; see also reviews 
on insect f l i g h t muscle metabolism by BAILEY, 1975; SACKTOR, 1975, KAMMER 
and HEINRICH, 1978). Carbohydrate serves as the i n i t i a l substrate, whereas 
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Figure 4.1. A schematic diagram of the respiratory chain 
and the points of entry of electrons from 
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during prolonged f l i g h t the u t i l i z a t i o n of stored l i p i d comes to 
prominence (WEIS-FOGH, 1952; MAYER and CANDY, 1969; JUTSUM and 
GOLDSWORTHY, 1976; VAN DER HORST et a l . , 1980; BEENAKKERS et a l . , 
1981). 
The respiratory metabolism of insect f l i g h t muscle has been 
extensively studied i n various orders (reviews by SACKTOR, 1965, 1970, 
1974, 1975). I t i s generally accepted that the respiratory organelles 
(sarcosomes) isolated from insect f l i g h t muscles are homologous with 
mitochondria from other animal tissues, such as l i v e r , heart and 
skeletal muscle. WATANABE and WILLIAMS (1951, 1953) were the f i r s t 
t o i solate such organelles from the f l i g h t muscle of the blowfly Phormia 
regina. They stated that the maintenance of the normal architecture of 
isolated mitochondria and the absence of swelling or shrinkage, must be 
regarded as important morphological c r i t e r i a f o r establishing mitochondrial 
i n t e g r i t y . The l a t t e r i s very important i n preserving normal mitochondrial 
function. The i s o l a t i o n of mitochondria from insect f l i g h t muscle 
involves homogenization, centrifugation and resuspension. A l l these 
mechanical manipulations may cause damage to mitochondrial structure and 
function. CHEFURKA (1965) has suggested that discrepancies between the 
results of various early workers, using mitochondria from d i f f e r e n t tissue 
sources, was due largely to differences i n methodology. Such differences 
involved both the methods used to assay respiratory a c t i v i t y and also the 
methods used i n mitochondrial preparation. Various factors that may 
a l t e r the s t a b i l i t y of isolated mitochondria and cause a deterioration 
i n t h e i r function have been enumerated by CHEFURKA (1965) and HARVEY and 
HASKELL (1966). These include the composition of the i s o l a t i o n and 
reaction media, the extent of homogenization, ageing of mitochondria 
i n v i t r o , concentration of the reactants (substrate, ADP and phosphate) 
and the age of the insect. 
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The various methods of i s o l a t i o n of insect mitochondria are 
based largely on the techniques o r i g i n a l l y reported by WATANABE and 
WILLIAMS (1951). Since t h i s time, numerous researchers have used 
t h i s basic method with s l i g h t modifications to study mitochondria from 
a variety of d i f f e r e n t insect species, f o r example, from Calliphora 
erythrocephala (LEWIS and SLATER, 1954; TRIBE, 1967; DAVISON and 
BOWLER, 1971; BOWLER and KASHMEERY, 1981), Apis m e l l i f e r a (BALBONI, 1965), 
Periplaneta americana (COCHRAN, 1963) , Prodenia eridania (STEVENSON, 
1966) , Musca domestica (SACKTOR and COCHRAN, 1958; GREGG et al_. , 1959, 1960). 
VAN DEN BERGH, 1962), Leptinotarsa decemlineata (STEGWEE and VAN KAMMEN-
WERTH, 1962) and Locusta migratoria (KLINGENBERG and BUCHER, 1959; MINKS, 
1967) . 
More recently, a number of workers have used the p r o t e o l y t i c 
enzyme, Nagarse, i n the i s o l a t i o n of insect mitochondria^ f o r example, 
from f l i g h t muscle of L u c i l i a cuprina (BYGRAVE et a l . , 1975), Sarcophaga 
bul l a t a (WOHLRAB, 1976), Manduca sexta (HANSFORD and JOHNSON, 1976), 
Leptinotarsa decemlineata (WEEDA et a l . , 1980), Calliphora erythrocephala 
(BOWLER and KASHMEERY, 1981) and Leptinotarsa decemlineata and Locusta 
migratoria (KHAN and DE KORT, 1978). Nagarse was f i r s t used by CHANCE 
and HAGIHARA (1961) to isolate mitochondria from heart muscle, and l a t e r 
by CHAPPELL and HANSFORD (1972). The l a t t e r authors stated that the 
essence of t h i s method i s the t o t a l digestion of the my o f i b r i l s and the 
elimination of the necessity for low-speed centrifugation. Furthermore, 
the myofibril-digestion f a c i l i t a t e s mitochondrial extraction by mild 
homogenization. 
I t has been known that the composition of the reaction medium i s 
an important factor i n determining the respiratory a c t i v i t y of isolated 
mitochondria (CHEFURKA, 1965; HARVEY and HASKELL, 1966). A wide 
variety of reaction media have been used i n studies on f l i g h t muscle 
mitochondrial function from various species? f o r example, i n studies on 
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mitochondria from Musca domestica (BIRT, 1961; VAN DEN BERGH and 
SLATER, 1962) , Hyalophora cecropia (MICHEJDA, 1964) , Phormia regina 
(SACKTOR and CHILDRESS, 1967; BULOS et a l . , 1972), Apis me l l i f e r a 
(BALBONI, 1968), Calliphora erythrocephala (HANSFORD, 1972; TRIBE 
and ASHHURST, 1972; BOWLER and KASHMEERY, 1981) and Sarcophaga nodosa 
and Glossina morsitans (SLACK and BURSELL, 1976a). 
The age of the experimental animal has been regarded as 
important with an undeniable influence on the properties and respiratory 
efficiency of the isolated mitochondria. BAKER (1976) has reported 
that the attainment of optimal f l i g h t performance i n dipteran insects 
i s intimately linked with the maturation of the metabolic processes. 
This implies an increase i n the a c t i v i t i e s of enzymes associated with 
the energy yie l d i n g pathways and the accumulation of fuels necessary 
for f l i g h t . The development of the main metabolic pathways of 
Calliphora erythrocephala, Locusta migratoria and Philosamia cynthia 
have been reported by BEENAKKERS et a l . (1975). Associated with the 
developmental changes i n the biochemical properties of the f l i g h t 
muscles i n these insects, the complexity of mitochondrial u l t r a s t r u c t u r e 
increased with age (see also Chapter 3). WOHLRAB (1976) has shown that 
the a b i l i t y of mitochondria to oxidize various substrates increased 
with age i n Sarcophaga b u l l a t a . 
I t has been reported that the wing-beat frequency of Drosophila 
funebris and Phormia regina increase with age to a maximum af t e r the 
6th day of adult l i f e (LEVENBROOK and WILLIAMS, 1956). This has been 
correlated to respiratory performance and the mitochondrial content of 
cytochrome c. LEWIS and SLATER (1954) showed that isolated mitochondria 
of the blowfly, Calliphora erythrocephala, exhibited submaximal 
oxidative phosphorylation during the f i r s t week of adult l i f e , whereas 
VAN DEN BERGH (1962) showed that maximal respiratory a c t i v i t y could be 
demonstrated at a l l times during the f i r s t 3 weeks of adult l i f e i n 
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Musca domestica. BALBONI (1967) reported l i t t l e or no respiratory 
control by ADP on oxidative phosphorylation i n mitochondrial preparations 
from young honeybee, Apis m e l l i f e r a . However, he suggested that t h i s 
may not necessarily mean that the mitochondria lacked these functions, 
but may be due to an age-related mitochondrial f r a g i l i t y . A systematic 
study of mitochondrial performance during the development of the 
Hyalophora cecropia, over the period from 15th day old pupal development 
up to the 8th day of adult l i f e , showed that oxidative phosphorylation 
remained approximately at the same le v e l i n a l l stages studied 
(MICHEJDA, 1964). Moreover, i n the early stages the oxidation of 
a-glycerophosphate, pyruvate plus fumarate or malate was twice as high 
as that of succinate. Increasing age resulted i n the reverse, that i s , 
the oxidation of succinate increased whereas that of NAD-linked substrates 
decreased. 
Several studies have shown that the a c t i v i t y of the i n t r a -
mitochondrial enzymes increase with age to reach maximal levels at the 
time of maturity, f o r example, i n f l i g h t muscle mitochondria of 
Leptinotarsa decemlineata (DE KORT, 1969), Musca domestica (ROCKSTEIN, 
1972; BEEZELEY et a l . , 1974) and Locusta migratoria (BROSEMER et a l . , 
1963; BUCHER, 1965). In addition, the study of BEENAKKERS et a l . (1975) 
showed that the key enzymes i n the metabolic pathways reach maturity 
w i t h i n the f i r s t week of adult l i f e i n Locusta. These observations are 
consistent with the changes i n f l i g h t muscle ultrastructure observed 
during the f i r s t 6 days of adult l i f e (Chapter 3). However, KLINGENBERG 
and BUCHER (1959) reported that respiratory control could only be 
demonstrated when locusts become 10-15 day old adults. This implies 
that mitochondrial res p i r a t i o n i s uncoupled during the early stages of 
locust f l i g h t muscle development. 
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In view of the role played by f l i g h t muscle mitochondria i n the 
synthesis of ATP, which i s frequently referred to as the energy 
currency of the l i v i n g c e l l (SLATER, 1972) , the respiratory a c t i v i t y 
of developing mitochondria has been studied i n Locusta to detect 
changes that may occur i n mitochondrial function with age. 
Materials and Methods 
Unless otherwise stated, locusts of known age were used 
and they were reared and collected as described previously (Chapter 2). 
Similarly, the methods of f l i g h t muscle mitochondrial extraction and 
the method of determination of QO^  (respiratory rate of state 3 and 
state 4), RCR and ADP:0 r a t i o have already been mentioned i n Chapter 2. 
Results 
Effect of reaction media on substrate oxidation and ADP phosphorylation 
by isolated f l i g h t muscle mitochondria 
I t was impossible to test a l l the reaction media that have been 
reported by various workers i n the f i e l d of mitochondrial research. 
However, four reaction media were tested to establish the most suitable 
for the measurement of the respiratory a c t i v i t y of isolated mitochondria 
from developing f l i g h t muscle of Locusta. Table 4.1 shows the composition 
of these media. Those media which enabled good RCR and ADP:0 ra t i o s to 
be demonstrated were taken to be the most suitable and these were used 
i n a l l subsequent studies unless otherwise stated. 
Table 4.2 shows a representative set of data obtained i n a single 
series of experiments using mitochondria isolated from 8-day old adults. 
I t can be clearly seen that i n a l l cases, apart from reaction medium 2, 
a-glycerophosphate was rapidly metabolized. However, the inclusion of 
BSA i n the reaction media was necessary for oxidative phosphorylation 
( i . e . ADP:0 ra t i o ) t o be measured with t h i s substrate. S i m i l a r l y , RCR 
Table 4.1. The composition of the reaction media used. 
Composition Reaction medium 
(mM) 1 2 3 4 
KC1 154 154 15 15 
Tris 10 10 50 50 
K2HP0lt 30 30 30 30 
EDTA - - 2 2 
MgCl2 - 5 5 5 
BSA (%) 0.04 - - 0.12 
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was lower i n the absence of BSA. The apparently high RCR value — " 
obtained with medium 3 i s due to the d i f f e r e n t method of calculation 
(see footnote to Table 4.2). 
S i m i l a r l y , with pyruvate plus proline as the substrate, the best 
re s u l t s , i n terms of good RCR values, were observed when BSA was included 
i n the reaction media ( i . e . with media 1 and 4, Table 4.2). Nevertheless, 
normal ADP:0 r a t i o s were observed with a l l four reaction media. Once 
again, the best results were observed with reaction media 1 and 4. 
Glutamate was oxidized by isolated mitochondria i n a l l four 
reaction media tested, with good RCR and near theoretical values f o r 
ADP:0 ra t i o s being recorded; except with medium 2. 
On the basis of these findings, i t was concluded that reaction 
media 1 and 4 were the most suitable and consequently these two media 
were used i n subsequent studies carried out on developing f l i g h t 
muscle mitochondria. 
The u t i l i z a t i o n of various substrates by isolated mitochondria 
Pyruvate plus proline 
Presented i n Figure 4.2 i s a representative example of the pattern 
of response to successive additions of ADP, when the substrate used was 
pyruvate plus proline. Table 4.3 shows the mean data extracted from such 
oxygen electrode traces. I t can be clearl y seen t h a t , i n the presence 
of medium 4 and substrate (state 2, CHANCE and WILLIAMS, 1955a), the 
mitochondrial respiratory rate was negligible (see Fig. 4.2). Addition of 
0.5pmoles of ADP evoked a sharp increase i n the rate of respiration 
(state 3, CHANCE and WILLIAMS, 1955a). Eventually, the respiratory rate 
returned to a lev e l not too d i f f e r e n t from the prestimulated one (state 4 ) . 
I t i s suggested that t h i s occurs when the added ADP has been 
phosphorylated to ATP (CHANCE and WILLIAMS, 1955b). A similar response 
was observed with subsequent additions of ADP to the reaction chamber. 
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Figure 4.2. A representative polarographic trace showing 
the respiratory response of mitochondria to 
successive ADP additions. 
The mitochondria were isolated from 8-day old 
adults and the substrate was pyruvate + proline 
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Reference to Table 4.3 shows that there was no s i g n i f i c a n t change 
i n respiratory parameters with successive additions of ADP. However, 
the oxygen electrode trace shown i n Figure 4.2 indicates that there 
was an increase i n the respiratory rate with each successive ADP 
addition. This discrepancy may be due to the high standard error 
encountered (see Table 4.3). 
A s i g n i f i c a n t change i n respiratory rate of state 4 (p > 0.02) 
and state 3 (p > O.OOl) respiration was observed between the f i r s t 
and fourth addition of ADP, when reaction medium 1 was used (see 
Table 4.4). In addition, the ADP:0 r a t i o changed s i g n i f i c a n t l y 
(p < 0.001) between the f i r s t and fourth addition of ADP. However, 
no s i g n i f i c a n t change was observed i n RCR. 
Glutamate 
The pattern of response to successive ADP additions, when 
glutamate i s metabolized by iso l a t e d mitochondria (Fig. 4.3), was 
qu a l i t a t i v e l y s i m i l a r to that of pyruvate plus proline. The data 
presented i n Table 4.5 c l e a r l y shows the e f f e c t of successive additions 
of ADP on the state 3 and 4 respiratory r a t e s . When reaction medium 4 
was used, the e f f e c t was sim i l a r to that observed with pyruvate plus 
proline (see Table 4.4); the state. 3 and state 4 respiratory rates 
increased with each ADP addition, once again l i t t l e change was observed 
i n RCR but a s i g n i f i c a n t decrease (p < 0.02) was recorded i n ADP:0 
r a t i o between the i n i t i a l and fourth addition of ADP (Table 4.5). 
Table 4.6 represents the data derived from experiments i n which 
assays were carr i e d out in reaction medium 1. There was a s i g n i f i c a n t 
increase i n the state 4 respiratory rate (p > 0.02) and that of state 3 
(p < 0.02) between the i n i t i a l and fourth addition of ADP. However, 
l i t t l e change was observed i n either RCR or the ADP:0 r a t i o . 
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Figure 4.3. A representative polarographic trace showing the 
respiratory response of mitochondria to successive 
ADP additions. 
The mitochondria were is o l a t e d from 8-day old 
adults and the substrate was glutamate i n the 
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In contrast to the traces of the two substrates referred to 
above, when ct-glycerophosphate was used as substrate, the state 2 
respiratory rate was s i g n i f i c a n t (see Fig. 4.4). However, the 
response to successive additions of ADP to the reaction chamber was 
sim i l a r to that observed with both pyruvate plus proline and glutamate. 
The oxygen electrode trace referred to above was obtained from 
respiratory a c t i v i t y of isolated mitochondria assayed i n reaction 
medium 4. The data presented i n Table 4.7 shows that, apart from a 
s i g n i f i c a n t decrease (p < 0.001) in ADP:0 r a t i o between the i n i t i a l 
addition of ADP and the fourth such addition, l i t t l e change was 
observed i n the state 3 and state 4 respiratory rates and the RCR. 
When reaction medium 1 was used, no s i g n i f i c a n t change in 
ADP.O r a t i o , RCR or state 3 and state 4 respiration was observed 
between the i n i t i a l and t h i r d ADP addition (Table 4.8). 
Succinate 
When succinate was used, the pattern of response to the 
addition of ADP was completely d i f f e r e n t from that of the other 
substrates referred to above. As with the other substrates ADP-
stimulated re s p i r a t i o n , however, the ADP-stimulated rate remained 
unchanged over the period of measurement (Fig. 4.5). Consequently, 
an ADPtO r a t i o could not be calculated by using the CHANCE and WILLIAMS 
methods (1955b). The RCR was calculated as the r a t i o between the 
respiratory rate after ADP addition and that before (state 2). 
E f f e c t of proline on pyruvate u t i l i z a t i o n 
SACKTOR and WORMSER-SHAVIT (1966) have suggested that, when 
pyruvate i s used as substrate, i t i s necessary to include proline so 
that the t r i c a r b o x y l i c acid cycle intermediates, which may leak out 
during isolation,are replaced. To determine the extent to which t h i s 
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Figure 4. 4. A representative polarographic trace showing the 
respiratory response of mitochondria to successive 
ADP additions. 
The mitochondria were i s o l a t e d from 8-day old 
adults and the substrate was ct-glycerophosphate 
in the presence of reaction medium 4 (see Table 4.1). 
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Figure 4. 5. A representative polarographic trace showing the 
respiratory response of mitochondria to successive 
ADP additions. 
The mitochondria were isolated from 8-day old adults 
and the substrate was succinate i n the presence of 
reaction medium 4 (see Table 4.1). 
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applied to the f l i g h t muscle mitochondria of Locusta migratoria a 
s e r i e s of experiments were conducted using reaction media 1 and 4. 
The data obtained from such studies are presented in Table 4.9. I t 
can be c l e a r l y seen that, with both reaction media, there was no 
s i g n i f i c a n t change i n a l l respiratory parameters. This suggests that 
i s o l a t e d mitochondria from Locusta f l i g h t muscle do not require proline 
for pyruvate u t i l i z a t i o n ( i . e . the t r i c a r b o x y l i c acid cycle i s 
a v a i l a b l e ) . However, to ensure that t h i s was so in a l l stages of 
Locusta mitochondria during development, es p e c i a l l y i n the younger 
stages when mitochondria are more f r a g i l e , proline was included when 
pyruvate was used as substrate. 
Developmental changes in the energetic c a p a b i l i t i e s of isolated 
mitochondria from Locusta f l i g h t muscle 
The essence of t h i s study i s to e s t a b l i s h whether developing 
f l i g h t muscle mitochondria of Locusta contain the systems which can 
couple oxidation of various substrates to ADP phosphorylation. The 
r e s u l t s referred to above suggest that the two reaction media (1 and 4) 
gave good respiratory a c t i v i t y for a l l parameters studied and, 
therefore, these were used to assess the energetic c a p a b i l i t i e s of 
isolated mitochondria. As was indicated above, the respiratory 
parameters occasionally show changes with successive ADP additions. 
This makes i t d i f f i c u l t to evaluate the developmental changes in 
mitochondrial function. To overcome t h i s problem a similar number of 
ADP additions were employed for each preparation at each age and the 
mean value calculated. 
Pyruvate plus proline -supporting respiration 
Figures 4.6 and 4.7 show the rate of oxygen consumption observed 
with mitochondria i s o l a t e d from f l i g h t muscles at d i f f e r e n t ages, using 
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r e s p i r a t i o n was observed over the a d u l t p e r i o d s t u d i e d i r r e s p e c t i v e of 
which r e a c t i o n medium was used. However, when r e a c t i o n medium 4 
was used, the s t a t e 4 r a t e of r e s p i r a t i o n i n c r e a s e d approximately 3 - f o l d 
between the 9th day of the 5th i n s t a r and the 4th day of a d u l t l i f e 
(see F i g . 4.7). i n c o n t r a s t , s t a t e 3 r a t e of r e s p i r a t i o n i n c r e a s e d 
s i g n i f i c a n t l y (p < O.OOl) between the 3rd and 7th day of a d u l t l i f e 
when medium 1 was used ( F i g . 4.6). No s i g n i f i c a n t d i f f e r e n c e s were 
observed i n t h i s p e r i o d when r e a c t i o n medium 4 was used. N e v e r t h e l e s s , 
th e r e was a s i g n i f i c a n t d i f f e r e n c e between the s t a t e 3 r a t e of 
r e s p i r a t i o n of 4-day o l d a d u l t mitochondria and those of l a t e 5th 
i n s t a r animals (p = O.OOl) and between the 1 s t and 4th day of a d u l t 
l i f e when r e a c t i o n medium 4 was used (p < 0.02) (see F i g . 4 . 7 ) . 
Apart from t h i s , the main d i f f e r e n c e s observed when the two r e a c t i o n 
media were used concerns the l e v e l s of a c t i v i t y measured; the maximal 
l e v e l of s t a t e 3 r a t e of r e s p i r a t i o n with medium 1 being approximately 
20.0yg AO mg p r o t e i n - 1 h o u r - 1 which i s almost twice t h a t observed w i t h 
r e a c t i o n medium 4. 
No marked v a r i a t i o n i n ADP:0 r a t i o was observed between the 9th 
day of the 5th i n s t a r and the 7th day of a d u l t l i f e when r e a c t i o n medium 
4 was used ( F i g . 4.8). i n c o n t r a s t , the ADP:0 r a t i o could not be 
measured p r i o r t o the 2nd day of a d u l t l i f e when medium 1 was used 
( F i g . 4.9). Yet another d i f f e r e n c e was the e f f e c t of the two media 
on RCR. The va l u e f o r RCR was l a r g e l y unchanged throughout the p e r i o d 
s t u d i e d ( F i g . 4.8) when medium 4 was used. I n c o n t r a s t , when medium 1 
was used RCR i n c r e a s e d from 1.53 ±0.29 (n = 4) on the 1 s t day of a d u l t 
l i f e to 8.27 ± 0.2 (n = 3) by day 8. I t i s c l e a r , t h e r e f o r e , t h a t the 
cho i c e of r e a c t i o n medium i s important i n a s s e s s i n g the r e s p i r a t o r y 
competence of i s o l a t e d mitochondria a t d i f f e r e n t ages (based on RCR and 
ADP:0 r a t i o ) ; medium 4 would have been c o n s i d e r e d s u p e r i o r t o medium 1 
up to the 1 s t day of a d u l t l i f e whereas medium 1 would have been p r e f e r r e 
t h e r e a f t e r . 
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F i g u r e 4.6. E f f e c t of age on the r e s p i r a t o r y r a t e o f 
mitochondria i s o l a t e d from f l i g h t muscle of 
L o c u s t a . 
The s u b s t r a t e was pyruvate (5mM) p l u s p r o l i n e 
(5mM) i n the presence of r e a c t i o n medium 1. 
Ordinat e : Q0 2 i s expressed i n ug AO. mg 
p r o t e i n - 1 . h o u r - 1 
A b s c i s s a : Age i n days 
The f i g u r e s i n par e n t h e s e s i n d i c a t e the number 
of separate d e t e r m i n a t i o n s f o r s t a t e 4 and 
s t a t e 3 r e s p i r a t i o n . 
© s t a t e 4 r e s p i r a t i o n 
0 s t a t e 3 r e s p i r a t i o n 
F i g u r e 4.9. E f f e c t of age on RCR and ADP:0 r a t i o of 
mitochondria i s o l a t e d from f l i g h t muscle of 
Lo c u s t a . 
The s u b s t r a t e was pyruvate (5mM) p l u s p r o l i n e 
(5mM) i n the presence of r e a c t i o n medium 1. 
The f i g u r e s i n parentheses i n d i c a t e the number 
of d e t e r m i n a t i o n s f o r RCR and ADP:0 r a t i o . 
• RCR 
0 ADP-.O r a t i o 
(6) 

















1 2 3 4 5 6 7 8 
AGE (days) 
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F i g u r e 4.7. E f f e c t o f age on the r e s p i r a t o r y r a t e of 
mitochondria i s o l a t e d from f l i g h t muscle of 
Lo c u s t a . 
The s u b s t r a t e was pyruvate (5mM) p l u s p r o l i n e 
(5mM) i n the presence of r e a c t i o n medium 4. 
Ordinate: QO2 i s expressed i n ug AO. mg 
prote i n " 1 . hour" 1 
A b s c i s s a : Age i n days 
The f i g u r e s i n parentheses i n d i c a t e the number 
of s e p a r a t e d e t e r m i n a t i o n s f o r s t a t e 4 and 
s t a t e 3 r e s p i r a t i o n . 
© s t a t e 4 r e s p i r a t i o n 
0 s t a t e 3 r e s p i r a t i o n 
F i g u r e 4.8 . E f f e c t of age on RCR and ADP-.O r a t i o of 
mitochondria i s o l a t e d from f l i g h t muscle of 
Lo c u s t a . 
The s u b s t r a t e was pyruvate (5mM) p l u s p r o l i n e 
(5mM) i n the presence of r e a c t i o n medium 4. 
The f i g u r e s i n par e n t h e s e s i n d i c a t e the number 
of determinations f o r RCR and ADP.-O r a t i o , 
a RCR 
0 ADPrO r a t i o 
(5 
(4) 1 (5) 
5th Instar Ecdysis Adult [t.\ 
(51 (6) (3) 
O 3 15 




10 1 1 
AGE (days) 
12 (5) 










g-Glycerophosphate - supporting r e s p i r a t i o n 
F i g u r e s 4.10and 4.11 show the s t a t e 3 and s t a t e 4 r e s p i r a t o r y 
r a t e s obtained, when a-glycerophosphate was metabolized by developing 
f l i g h t muscle mitochondria i n r e a c t i o n media 1 and 4, r e s p e c t i v e l y . 
The age-dependent p a t t e r n of a c t i v i t y was d i f f e r e n t depending on the 
r e a c t i o n medium used. Thus the r a t e of r e s p i r a t i o n i n c r e a s e d 
s i g n i f i c a n t l y f o r s t a t e 3 (p < 0.05) and s t a t e 4 (p = 0.001) between 
the 9th day of 5th i n s t a r and the 1 s t day of a d u l t l i f e , when r e a c t i o n 
medium 4 was used. No s i g n i f i c a n t change was observed t h e r e a f t e r i n 
the two s t a t e s . I n c o n t r a s t , mitochondria assayed i n r e a c t i o n medium 1 
e x h i b i t e d l i t t l e change i n the s t a t e 3 r a t e o f r e s p i r a t i o n during the 
f i r s t 6 days of a d u l t l i f e but by the 7th day of a d u l t l i f e the mean 
val u e i n c r e a s e d approximately 3 - f o l d ( F i g . 4.10). i t i s perhaps 
s i g n i f i c a n t t h a t ADP:0 r a t i o s were o n l y measurable a f t e r the 5th day 
of a d u l t l i f e , when r e a c t i o n medium 1 was used ( F i g . 4.12) and t h a t both 
s t a t e 3 and s t a t e 4 r a t e s of r e s p i r a t i o n i n c r e a s e d s u b s t a n t i a l l y a t t h i s 
time. However, no s i g n i f i c a n t change was observed i n ADP:0 r a t i o v a l u e s 
when r e a c t i o n medium 4 was used ( F i g . 4.13). Furthermore, t h e r e was no 
major changes i n RCR i n a l l ages s t u d i e d when r e a c t i o n medium 4 was 
used ( F i g . 4.13). S i m i l a r RCR v a l u e s were obtained when r e a c t i o n 
medium 1 was used ( F i g . 4.12), but p r i o r t o the 5th day i t was n e c e s s a r y 
f o r the RCR t o be es t i m a t e d as the r a t i o of the r e s p i r a t o r y r a t e i n the 
presence of ADP to t h a t before ADP a d d i t i o n ( s t a t e 2 ) . 
Glutamate - supporting r e s p i r a t i o n 
F i g u r e 4.14 shows the r a t e s of m i t o c h o n d r i a l oxygen consumption 
as a f u n c t i o n of age when r e a c t i o n medium 1 was used. There was no 
s i g n i f i c a n t change i n the s t a t e 3 r a t e of r e s p i r a t i o n during the f i r s t 
6 days of a d u l t l i f e ; the r a t e being approximately 4 to 6yg AO mg p r o t e i n " 
h o ur" 1. However by day 7 of a d u l t l i f e the r a t e of r e s p i r a t i o n had 
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F i g u r e 4.10. E f f e c t of age on the r e s p i r a t o r y r a t e of 
mitochondria i s o l a t e d from f l i g h t muscle of 
L o c u s t a . 
The s u b s t r a t e was a-glycerophosphate (5mM) i n 
the presence of r e a c t i o n medium 1. 
Ord i n a t e : Q0 2 i s expressed i n u9 AO. mg 
p r o t e i n - 1 . hour"1 
A b s c i s s a : Age i n days 
The f i g u r e s i n parentheses i n d i c a t e the number 
of s e p a r a t e determinations f o r s t a t e 4 and 
s t a t e 3 r e s p i r a t i o n . 
© s t a t e 4 r e s p i r a t i o n 
0 s t a t e 3 r e s p i r a t i o n 
F i g u r e 4.12. E f f e c t of age on RCR and ADP:0 r a t i o o f 
mitochondria i s o l a t e d from f l i g h t muscle of 
L o c u s t a . 
The s u b s t r a t e was ^-glycerophosphate (5mM) i n 
the presence of r e a c t i o n medium 1. 
The f i g u r e s i n parentheses i n d i c a t e the number 
of determinations f o r RCR and ADP:0 r a t i o . 
0 RCR 
0 ADP.-O r a t i o 
1 8 
AGE (days) 
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F i g u r e 4.11. E f f e c t of age on the r e s p i r a t o r y r a t e of 
mitochondria i s o l a t e d from f l i g h t muscle of 
L o c u s t a . 
The s u b s t r a t e was a-glycerophosphate i n the 
presence of r e a c t i o n medium 4. 
Ordinat e : Q0 2 i s exp r e s s e d i n yg AO. mg 
p r o t e i n - 1 , h o u r - 1 
A b s c i s s a : Age i n days 
The f i g u r e s i n parentheses i n d i c a t e the number 
of separate d e t e r m i n a t i o n s f o r s t a t e 4 and 
s t a t e 3 r e s p i r a t i o n . 
© s t a t e 4 r e s p i r a t i o n 
O s t a t e 3 r e s p i r a t i o n 
F i g u r e 4.12. E f f e c t of age on RCR and ADP:0 r a t i o of 
mitochondria i s o l a t e d from f l i g h t muscle of 
Lo c u s t a . 
The s u b s t r a t e was a-glycerophosphate (5mM) i n 
the presence of r e a c t i o n medium 4. 
The f i g u r e s i n parentheses i n d i c a t e the number 
of determinations f o r RCR and ADP:0 r a t i o . 
E RCR 
0 ADP:0 r a t i o 
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i n c r e a s e d approximately 3 - f o l d . There was no s i g n i f i c a n t change i n 
the s t a t e 4 r a t e of r e s p i r a t i o n during the p e r i o d s t u d i e d ; the s t a t e 4 
r a t e of r e s p i r a t i o n being approximately 2 - 4pg AO mg p r o t e i n - 1 h o u r - 1 
( F i g . 4.14). 
I n c o n t r a s t , when r e a c t i o n medium 4 i s used ( F i g . 4.15), the 
s t a t e 3 r a t e of r e s p i r a t i o n i n c r e a s e d approximately 2 - f o l d between the 
11th day of the 5th i n s t a r and the 1 s t day of a d u l t l i f e . No s i g n i f i c a n t 
change i n s t a t e 3 r a t e of r e s p i r a t i o n was observed i n a d u l t animals 
over the p e r i o d s t u d i e d . S t a t e 4 r a t e of r e s p i r a t i o n showed a s i m i l a r 
p a t t e r n of response to t h a t of s t a t e 3 (see F i g . 4.15). 
W h i l s t the RCR i n c r e a s e d s i g n i f i c a n t l y (p < 0.02) between the 
1 s t and 7th day of a d u l t l i f e when r e a c t i o n medium 1 was used ( F i g . 4.16), 
no s i g n i f i c a n t change was observed when r e a c t i o n medium 4 was used 
( F i g . 4.17). Furthermore, RCR v a l u e s obtained with a d u l t mitochondria 
were s i m i l a r to those observed w i t h mitochondria from l a t e 5th i n s t a r 
animals ( F i g . 4.17). The o x i d a t i o n of glutamate was coupled to ADP 
pho s p h o r y l a t i o n a t a l l ages s t u d i e d , i r r e s p e c t i v e of the r e a c t i o n 
medium used (see F i g s 4.16 and 4.17). 
S u c c i n a t e - supporting r e s p i r a t i o n 
F i g u r e s 4.18 and 4.19 show the s t a t e 3 and s t a t e 4 r e s p i r a t o r y 
r a t e s obtained when s u c c i n a t e i s o x i d i s e d by mitochondria i s o l a t e d from 
l o c u s t s of v a r i o u s ages, i n the presence of r e a c t i o n media 1 and 4, 
r e s p e c t i v e l y . L i t t l e s i g n i f i c a n t change i n s t a t e 3 and s t a t e 4 r a t e s 
of r e s p i r a t i o n was noted with a d u l t mitochondria over the p e r i o d 
s t u d i e d i r r e s p e c t i v e of the r e a c t i o n medium used, except t h a t , i n the 
presence of r e a c t i o n medium 1 ( F i g . 4.18) the s t a t e 3 r a t e of 
r e s p i r a t i o n observed on the 8th day of a d u l t l i f e was s i g n i f i c a n t l y 
h i g h e r (p < 0.01) than t h a t observed on day 1. 
122 
F i g u r e 4.14. E f f e c t of age on the r e s p i r a t o r y r a t e of 
mitochondria i s o l a t e d from f l i g h t muscle of 
L o c u s t a . 
The s u b s t r a t e was glutamate (5mM) i n the 
presence o f r e a c t i o n medium 1. 
Ordinat e : Q0 2 i s e x p ressed i n yg AO. mg 
prote i n " 1 . hour~ 1 
A b s c i s s a : Age i n days 
The f i g u r e s i n parentheses i n d i c a t e the number 
of s e p a r a t e determinations f o r s t a t e 4 and 
s t a t e 3 r e s p i r a t i o n . 
© s t a t e 4 r e s p i r a t i o n 
O s t a t e 3 r e s p i r a t i o n 
F i g u r e 4.16 . E f f e c t of age on RCR and ADP:0 r a t i o of 
mitochondria i s o l a t e d from f l i g h t muscle o f 
Lo c u s t a . 
The s u b s t r a t e was glutamate (5mM) i n the 
presence of r e a c t i o n medium 1. 
The f i g u r e s i n parentheses i n d i c a t e the number 
of determinations f o r RCR and ADP:0 r a t i o . 
• RCR 
0 ADP:0 r a t i o 
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F i g u r e 4.15. E f f e c t o f age on the r e s p i r a t o r y r a t e o f 
mitochondria i s o l a t e d from f l i g h t muscle o f 
L o c u s t a . 
The s u b s t r a t e was glutamate (5mM) i n the 
presence of r e a c t i o n medium 4. 
Ordinat e : QO2 i s expressed i n ug AO. mg 
p r o t e i n " 1 . hour" 1 
A b s c i s s a : Age i n days 
The f i g u r e s i n parentheses i n d i c a t e the number 
of s e p a r a t e determinations f o r s t a t e 4 and 
s t a t e 3 r e s p i r a t i o n . 
© s t a t e 4 r e s p i r a t i o n 
0 s t a t e 3 r e s p i r a t i o n 
F i g u r e 4.17 . E f f e c t o f age on RCR and ADP:0 r a t i o of 
mitochondria i s o l a t e d from f l i g h t muscle of 
L o c u s t a . 
The s u b s t r a t e was glutamate (5mM) i n the 
presence of r e a c t i o n medium 4. 
The f i g u r e s i n parentheses i n d i c a t e the number 
of determinations f o r RCR and ADP:0 r a t i o . 
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When r e a c t i o n medium 4 was used, the s t a t e 3 r a t e of r e s p i r a t i o n 
i n c r e a s e d s i g n i f i c a n t l y (p < 0.05) between the 9th day of 5th i n s t a r 
and the 2nd day of a d u l t l i f e ; the r a t e of oxygen consumed i n c r e a s e d 
approximately 4.5-fold over t h i s p e r i o d . No s i g n i f i c a n t change was 
observed i n s t a t e 4 r a t e of r e s p i r a t i o n over the same p e r i o d . 
Throughout t h i s study, no coupling between s u c c i n a t e o x i d a t i o n 
and ADP phosphorylation was observed as de f i n e d by CHANCE and WILLIAMS 
(1955b). However, the a d d i t i o n of ADP d i d e f f e c t a s t i m u l a t i o n of 
r e s p i r a t i o n (see F i g . 4.5). No s i g n i f i c a n t change was demonstrated 
i n RCR a t a l l ages s t u d i e d i r r e s p e c t i v e of the r e a c t i o n medium used 
( F i g s 4.20 and 4.19). 
E f f e c t of MgCl? on the r e s p i r a t o r y a c t i v i t y of i s o l a t e d mitochondria 
Reference to F i g u r e s 4.8, 4.9, 4.12 and 4.13 i n d i c a t e t h a t the 
a b i l i t y of i s o l a t e d mitochondria t o e f f e c t o x i d a t i v e p h osphorylation 
of ADP i s dependent on the r e a c t i o n medium. Thus near t h e o r e t i c a l 
v a l u e s f o r ADP:0 r a t i o were obtained a t a l l ages from the 9th day of 
5th i n s t a r to the 7th day of a d u l t l i f e when r e a c t i o n medium 4 was 
used. I n c o n t r a s t , ADP:0 r a t i o s could only be measured i n po s t 5-day 
o l d a d u l t s and post 1-day o l d a d u l t s w i t h a-glycerophosphate ( F i g . 4.12) 
and pyruvate p l u s p r o l i n e ( F i g . 4.9), r e s p e c t i v e l y , when r e a c t i o n 
medium 1 was used. T h i s might suggest t h a t r e a c t i o n medium 4 i s the 
more a p p r o p r i a t e . However, i t a l s o i n d i c a t e s t h a t the m i t o c h o n d r i a l 
requirements, f o r the demonstration of o x i d a t i v e p h o s phorylation, have 
changed w i t h age. One d i f f e r e n c e between the 2 r e a c t i o n media i s the 
absence of MgCl 2 from r e a c t i o n medium 1. Mg 2 + are known to be important 
i n s t a b i l i z i n g m i t o c h o n d r i a l a c t i v i t y (see D i s c u s s i o n ) . I t was 
decided, t h e r e f o r e , t o determine the e x t e n t to which the presence of 
Mg 2 + might a f f e c t m i t o c h o n d r i a l f u n c t i o n i n 4-day o l d a d u l t l o c u s t s . 
125 
F i g u r e 4.18. E f f e c t of age on "-he r e s p i r a t o r y r a t e and 
RCR of mitochondria i s o l a t e d from f l i g h t 
muscle of L o c u s t a . 
The s u b s t r a t e was s u c c i n a t e (5mM) i n the 
presence of r e a c t i o n medium 1. 
The f i g u r e s i n parentheses i n d i c a t e the 
number of sep a r a t e determinations f o r 
s t a t e 4 and s t a t e 3 r e s p i r a t i o n . 
© s t a t e 4 r e s p i r a t i o n 
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F i g u r e 4.19, E f f e c t of age on the r e s p i r a t o r y r a t e of 
mitochondria i s o l a t e d from f l i g h t muscle of 
L o c u s t a . 
The s u b s t r a t e was s u c c i n a t e (5mM) i n the 
presence of r e a c t i o n medium 4. 
Ordinate: Q0 2 i s e x p ressed i n pg AO- mg 
pr o t e i n " 1 . hour" 1 
A b s c i s s a : Age i n days 
The f i g u r e s i n parentheses i n d i c a t e the number 
of s e p a r a t e d e t e r m i n a t i o n s f o r s t a t e 4 and 
s t a t e 3 r e s p i r a t i o n . 
© s t a t e 4 r e s p i r a t i o n 
0 s t a t e 3 r e s p i r a t i o n 
F i g u r e 4.20. E f f e c t of age on the RCR of mitochondria 
i s o l a t e d from f l i g h t muscle of L o c u s t a . 
The s u b s t r a t e was s u c c i n a t e (5mM) i n the 
presence of r e a c t i o n medium 4. 
The f i g u r e s i n parentheses i n d i c a t e the number 
of de t e r m i n a t i o n s . 
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F i g u r e 4.21. The e f f e c t o f Mgz on the o x i d a t i o n o f 
a-glycerophosphate by L o c u s t a f l i g h t muscle 
mitochondria. 
R e a c t i o n medium 1 was used and Mg 2 + was added 
to g i v e the f i n a l c o n c e n t r a t i o n i n d i c a t e d . 
a-glycerophosphate was 6.7mM. 
Ordi n a t e : QO2 i s expressed i n yg AO. mg 
p r o t e i n " 1 . hour" 1 
A b s c i s s a : Mg 2 + c o n c e n t r a t i o n (mM) 
q s t a t e 3 r e s p i r a t i o n 
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F i g u r e 4.21 shows the e f f e c t of d i f f e r e n t c o n c e n t r a t i o n s of 
MgCl2 on the s t a t e 3 and s t a t e 4 r e s p i r a t o r y r a t e s i n the presence of 
a c o n s t a n t c o n c e n t r a t i o n of a-glycerophosphate (6.7mM). T h i s 
experiment was performed by u t i l i z i n g r e a c t i o n medium 1 to which the 
Mg 2 + was added to the r e a c t i o n chamber. Both r e s p i r a t o r y r a t e s 
i n c r e a s e d w i t h i n c r e a s i n g MgCl2 c o n c e n t r a t i o n up to 3mM. F u r t h e r 
i n c r e a s e s i n MgCl2 c o n c e n t r a t i o n h%c. l i t t l e e f f e c t on s t a t e 4 
r e s p i r a t o r y r a t e but i n c r e a s i n g MgCl2 c o n c e n t r a t i o n above 9mM 
r e s u l t e d i n a decreased s t i m u l a t i o n of the s t a t e 3 r a t e of r e s p i r a t i o n . 
Table 4.10 shows the m i t o c h o n d r i a l response to the presence or 
absence of MgCl2 i n r e a c t i o n medium 1. The presence of Mg 2 + was 
e s s e n t i a l f o r demonstrating ADP:0 r a t i o and high s t a t e 3 and s t a t e 4 
r a t e s of r e s p i r a t i o n , when a-glycerophosphate was the s u b s t r a t e . The 
e f f e c t o f t h i s c a t i o n on the metabolism o f pyruvate p l u s p r o l i n e was 
somewhat d i f f e r e n t from t h a t observed w i t h a-glycerophosphate. W h i l s t 
s t a t e 4 r a t e of r e s p i r a t i o n was i n c r e a s e d by approximately 42% by the 
i n c l u s i o n of 3.3mM MgCl2 i n r e a c t i o n medium 1, the s t a t e 3 r a t e of 
r e s p i r a t i o n decreased by approximately 60% (see Table 4.10). 
Consequently, the RCR decre a s e s from 8.03 i n the absence of MgCl2 to 
1.79 i n i t s presence. No s i g n i f i c a n t change was noted i n the ADP:0 
r a t i o obtained i r r e s p e c t i v e of whether Mg 2 + were i n c l u d e d i n the 
medium or not (Table 4.10). 
D i s c u s s i o n 
The p r e s e n t study i n d i c a t e s t h a t the composition of the r e a c t i o n 
medium i s of g r e a t importance i n a s s e s s i n g the f u n c t i o n a l competence of 
i s o l a t e d mitochondria. Throughout t h i s study mitochondria i s o l a t e d 
from L o c u s t a m i g r a t o r i a f l i g h t muscle r e q u i r e d BSA i n order f o r good 
r e s p i r a t o r y parameters t o be maintained. S i m i l a r r e s u l t s have been 
r e p o r t e d elsewhere. SACKTOR (1954) showed t h a t BSA was r e q u i r e d t o 
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demonstrate o x i d a t i v e p h o s p h o r y l a t i o n i n Musca domestica f l i g h t muscle 
mitochondria. I n c o n t r a s t , GREGG e t a l . (1960), VAN DEN BERGH and 
SLATER (1962) and COCHRAN (1963) have r e p o r t e d r a p i d o x i d a t i o n and 
high P:0 r a t i o s i n the absence of BSA. However, BALBONI (1968) found 
t h a t BSA s t a b i l i z e d m i t o c h o n d r i a l r e s p i r a t o r y a c t i v i t y and i n h i b i t e d 
spontaneous s w e l l i n g of i s o l a t e d mitochondria. The " s t a b i l i z i n g 
e f f e c t " (BALBONI, 1968) or " p r o t e c t i v e a c t i o n " (HARVEY and HASKEL, 
1966; CHILDRESS and SACKTOR, 1966; MATSUOK and NAKAMURA, 1979) of 
BSA was due to i t s c a p a c i t y t o bin d f r e e f a t t y a c i d s (BJORNTORP, 
1964; MATSUOK and NAKAMURA, 1979), which have been r e p o r t e d to 
s t i m u l a t e m i t o c h o n d r i a l s w e l l i n g (LEHNINGER and REMMERT, 1959). I n 
t h i s way BSA i s claimed t o r e s t o r e f u l l c o u p l i n g e f f i c i e n c y to 
i s o l a t e d mitochondria (WARSHAW, 1969; DOW, 1967) . 
I n a d d i t i o n t o the presence of BSA i n the r e a c t i o n medium, c e r t a i n 
other requirements were a l s o n e c e s s a r y i n a s s o c i a t i o n w i t h the d i f f e r e n t 
s u b s t r a t e s . ThusMg 2 + was n e c e s s a r y i n the r e a c t i o n medium f o r 
ma i n t a i n i n g near t h e o r e t i c a l v a l u e s f o r the ADP:0 r a t i o when a - g l y c e r o -
phosphate was used as the s u b s t r a t e , whereas the r o l e of t h i s c a t i o n 
i s complicated when the s u b s t r a t e i s pyruvate p l u s p r o l i n e . I n the 
p r e s e n t study, although mitochondria i s o l a t e d from f l i g h t muscle o f 
2-8 day o l d a d u l t i n s e c t s r e q u i r e d no Mg 2 + when pyruvate p l u s p r o l i n e 
was the s u b s t r a t e , t h i s c a t i o n was e s s e n t i a l f o r demonstration of 
o x i d a t i v e p h o s p h o r y l a t i o n by mitochondria i s o l a t e d from l a t e 5th 
i n s t a r and 1-day o l d a d u l t i n s e c t s . S i m i l a r l y , Mg 2 + was n e c e s s a r y f o r 
the demonstration of o x i d a t i v e p h o s p h o r y l a t i o n by mitochondria i s o l a t e d 
from mature f l i g h t muscle of the bl o w f l y , C a l l i p h o r a e r y t h r o c e p h a l a 
(KASHMEERY, 1977) when ct-glycerophosphate was the s u b s t r a t e but was 
b e s t excluded from the r e a c t i o n medium when the s u b s t r a t e was pyruvate 
p l u s p r o l i n e . SLACK and BURSELL 0.976b) showed t h a t Mg 2 + c o n c e n t r a t i o n s 
below 10" 5M had no s i g n i f i c a n t e f f e c t on the r e s p i r a t o r y parameters of 
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mitochondria i s o l a t e d from the f l i g h t muscle of Sarcophaga nodosa when 
pyruvate was the s u b s t r a t e . However, Mg 2 + c o n c e n t r a t i o n s g r e a t e r than 
10" 5M i n c r e a s e d s t a t e 4 r a t e s of r e s p i r a t i o n t o a peak a t about 10~3M 
Mg2*, fol l o w e d by a d e c l i n e ( a t > 10 - 3M Mg 2 +) and a secondary i n c r e a s e 
( a t > 10 - 2M Mg 2 +). These changes were a s s o c i a t e d w i t h i n v e r s e changes i n 
the l e v e l s of s t a t e 3 r e s p i r a t i o n . These r e s e a r c h e r s concluded t h a t 
the changes caused by Mg 2 + (above 10"5M) were a s s o c i a t e d , i n p a r t , with 
a low l e v e l of i o n t r a n s l o c a t i o n and, i n p a r t , w i t h the a c t i v i t y of a 
M g 2 + - s e n s i t i v e ATPase. 
I t has long been known t h a t f r e e Ca* has a damaging e f f e c t on 
the r e s p i r a t o r y f u n c t i o n of i s o l a t e d mitochondria (LEHNINGER, 1962; 
CHANCE, 1965) and, t h e r e f o r e , c a l c i u m c h e l a t e r s (e.g. EDTA) are widely 
o .1. 
used i n i s o l a t i o n media to decrease the c o n c e n t r a t i o n of f r e e Ca and 
hence e l i m i n a t e i t s damaging e f f e c t . BUCHER and KLINGENBERG (1959) 
found t h a t i s o l a t e d mitochondria from L o c u s t a m i g r a t o r i a e x h i b i t e d , 
r e s p i r a t o r y c o n t r o l only when the i s o l a t i o n medium contained a t l e a s t 
ImM EDTA. However, a low c o n c e n t r a t i o n of f r e e C a 2 + was repo r t e d to 
be r e q u i r e d when a-glycerophosphate was used as s u b s t r a t e (SLACK and 
BURSELL, 1977). The l a t t e r authors r e p o r t e d t h a t the d i f f e r e n c e 
between the o x i d a t i o n of pyruvate and a-glycerophosphate i s t h a t the 
r e l a t i v e l y l a b i l e p h o s p h o r y l a t i o n system, which i s i n v o l v e d i n the 
s t a t e 3 r e s p i r a t i o n of both, can be r e p l a c e d as a r e l e a s e r of the 
r e s p i r a t o r y c h a i n by the C a 2 + - u p t a k e system when the o x i d a t i o n i s supported 
by a-glycerophosphate, but not when i t i s supported by pyruvate. 
However, u t i l i z a t i o n of both s u b s t r a t e s was a f f e c t e d by hig h e r Ca 
c o n c e n t r a t i o n s and the s t a t e 3 r e s p i r a t i o n decreased s t e e p l y to zero 
as C a 2 + c o n c e n t r a t i o n was r a i s e d from l O - 4 to 10 - 3M. I t i s p o s s i b l e , 
t h e r e f o r e , t h a t the s t a b i l i z i n g e f f e c t of C a 2 + on the metabolism o f 
a-glycerophosphate may be the r e s u l t of competition between endogenous 
C a 2 + and added Mg 2 + f o r the l e s s s p e c i f i c c h e l a t i n g agent, EDTA 
(SACKTOR, 1974). The l a t t e r author suggested t h a t the a d d i t i o n of Mg 2 + 
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to the r e a c t i o n medium l e a d s to a p a r t i a l r e l e a s e of C a z from EDTA, 
which was o r i g i n a l l y d e r i v e d from the muscle and chemical agents. 
I t may w e l l be t h a t t h i s was a l s o the case i n the p r e s e n t study on 
L o c u s t a and t h a t s u f f i c i e n t f r e e C a 2 + i s p r e s e n t i n a d u l t mitochondria 
to make Mg 2 + a d d i t i o n unnecessary when pyruvate p l u s p r o l i n e i s the 
s u b s t r a t e . However, f u r t h e r s t u d i e s are r e q u i r e d to e s t a b l i s h whether 
t h i s i s indeed so. 
The a d d i t i o n of p r o l i n e , when pyruvate was the s u b s t r a t e , d i d not 
a l t e r the s t a t e 3 r a t e of oxygen consumption but s l i g h t l y i n c r e a s e d 
t h a t o f s t a t e 4 r e s p i r a t i o n . S i m i l a r r e s u l t s have been r e p o r t e d by 
SLACK and BURSELL (1976a) f o r mitochondria i s o l a t e d from the f l i g h t 
muscles of Sarcophaga nodoso and Phormia r e g i n a . The l a t t e r authors 
have suggested t h a t the d i f f e r e n c e between t h e i r r e s u l t s and those 
r e p o r t e d by many other workers concerning the need f o r a "primer" or 
" s p a r k e r " , such as bicarbonate (HANSFORD, 1972), malate (VAN DEN BERGH, 
1964; STEVENSON, 1968; TRIBE and ASHHURST, 1972) and p r o l i n e (SACKTOR 
and CHILDRESS, 1967; SACKTOR, 1970, 1974), are due to the use by such 
workers of i n a p p r o p r i a t e e x t r a c t i o n methods. I t has been suggested 
t h a t the l e s s f u n c t i o n a l l y i n t a c t the mitochondria are, the g r e a t e r the 
s e n s i t i v i t y towards the e x t e r n a l c o n d i t i o n s (SLACK, 1975). SLACK and 
BURSELL (1976b) have shown t h a t mitochondria i s o l a t e d from d i p t e r a n 
f l i g h t muscle u t i l i z e pyruvate a t very high r a t e s without the 
requirement f o r a primer when the i s o l a t i o n medium contained potassium-
D-aspartate and r e s u s p e n s i o n was e f f e c t e d by means of g e n t l e magnetic 
s t i r r i n g . However, KHAN and DE KORT (1978) found t h a t potassium-D 
a s p a r t a t e s t r o n g l y i n h i b i t e d r e s p i r a t i o n r a t e s of b e e t l e s and L o c u s t a 
f l i g h t muscle mitochondria. SLACK and BURSELL (1976b) concluded t h a t 
many of the r e s u l t s r e p o r t e d with i n s e c t mitochondria may be regarded 
as a r t e f a c t s of the i s o l a t i o n methods used. S i n c e p r o l i n e was 
unnecessary f o r pyruvate o x i d a t i o n i n t h e i r s t u d i e s , SLACK and BURSELL 
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(1976b) r e j e c t e d the suggestion t h a t the decrease i n p r o l i n e 
c o n c e n t r a t i o n , during the e a r l y phases of f l i g h t i n Phormia r e g i n a 
(SACKTOR and WORMSER-SHAVIT, 1966), p l a y s an important r o l e i n 
r e - e s t a b l i s h i n g the f u l l f u n c t i o n of the t r i c a r b o x y l i c a c i d c y c l e 
by the formation of o x a l o a c e t a t e . Thus they r e g a r d p r o l i n e as a 
supplementary s u b s t r a t e r a t h e r than a "primer", and suggest t h a t i t s 
a v a i l a b i l i t y i n haemolymph and muscle make i t a u s e f u l source of 
a d d i t i o n a l energy during the i n i t i a l phase of f l i g h t . T h i s was 
supported by the more r e c e n t s t u d i e s on the u t i l i z a t i o n of p r o l i n e 
and pyruvate by L e p t i n o t a r s a decemlineata f l i g h t muscle mitochondria 
(WEEDA e t a l . , 1980) which suggest t h a t i n the presence of low 
p r o l i n e c o n c e n t r a t i o n , pyruvate and p r o l i n e o x i d a t i o n a r e f u l l y 
a d d i t i v e , whereas a t h i g h e r c o n c e n t r a t i o n s of p r o l i n e , pyruvate 
o x i d a t i o n i s completely turned o f f by p r o l i n e o x i d a t i o n . 
Throughout t h i s study, the r e s p i r a t o r y r a t e s and ADP:0 r a t i o s 
v a r i e d w i t h s u c c e s s i v e a d d i t i o n s of ADP. However, the mean v a l u e s 
showed no s i g n i f i c a n t d i f f e r e n c e i n the RCR and tend to mask t h i s 
e f f e c t i n some c a s e s (see R e s u l t s s e c t i o n ) . S i m i l a r changes have 
been re p o r t e d elsewhere. SACKTOR (1974) showed t h a t f o l l o w i n g the 
second a d d i t i o n of ADP t h e r e was an 11% d e c r e a s e (from 2.98 to 2.64) 
i n ADP:0 r a t i o and a 48% i n c r e a s e i n RCR (from 26 to 50) ( c a l c u l a t e d 
from data given by SACKTOR, 1974). BURSELL and SLACK (1976) showed 
t h a t s u c c e s s i v e a d d i t i o n s of ADP r e s u l t e d i n a p r o g r e s s i v e i n c r e a s e 
i n the s t a t e 4 r a t e s of r e s p i r a t i o n . RCR v a l u e s , c a l c u l a t e d from 
t h i s data, decreased from 131.5 f o l l o w i n g the f i r s t ADP a d d i t i o n to 
27.3 f o l l o w i n g the t h i r d a d d i t i o n . They suggested t h a t these changes 
were due to the a c t i v i t y of m i t o c h o n d r i a l ATPase. The l a t t e r produces 
p r o g r e s s i v e l y higher ADP c o n c e n t r a t i o n s which r e q u i r e e x t r a oxygen 
f o r p h o sphorylation to ATP and t h e r e f o r e l e a d s t o a d e l a y i n the 
t r a n s i t i o n from s t a t e 3 t o s t a t e 4 (SLACK and BURSELL, 1976b). The 
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p r e s e n t d e c l i n e i n ADP:0 r a t i o f o l l o w i n g s u c c e s s i v e ADP a d d i t i o n may, 
t h e r e f o r e , be e x p l a i n e d i n these terms. I n c o n t r a s t , CHILDRESS and 
SACKTOR (1966) have shown t h a t i n Phormia r e g i n a , f l i g h t muscle 
m i t o c h o n d r i a l r e s p i r a t i o n was l i t t l e a f f e c t e d by s u c c e s s i v e ADP 
a d d i t i o n s . 
An a l t e r n a t i v e e x p l a n a t i o n to the one given above i s t h a t the 
h i gh v a l u e s f o r the ADP:0 r a t i o , observed f o l l o w i n g the f i r s t 2 a d d i t i o n s 
of ADP, when pyruvate p l u s p r o l i n e or glutamate were used as s u b s t r a t e , 
may be due to changes i n the p e r m e a b i l i t y of the m i t o c h o n d r i a l membranes. 
CHAPPELL and HANSFORD (1972) have suggested t h a t the i s o l a t i o n of 
mitochondria by the Nagarse enzyme method may a l t e r some of the membrane 
p r o p e r t i e s , lower the content of the endogenous t r i c a r b o x y l i c a c i d 
c y c l e i n t e r m e d i a t e s and i n a c t i v a t e the i n n e r membrane c a r r i e r s . 
However, the p r e s e n t study has shown t h a t i s o l a t e d mitochondria e x h i b i t 
good r e s p i r a t o r y c o n t r o l and o x i d a t i v e p h o sphorylation, i n d i c a t i n g t h a t 
a t l e a s t i n a d u l t l o c u s t s , the i s o l a t e d mitochondria were i n t a c t and 
not a d v e r s e l y a f f e c t e d by the Nagarse e x t r a c t i o n method. 
The r e s u l t s p r e s e n t e d above show q u i t e c o n c l u s i v e l y t h a t , 
p r o v i d i n g a s u i t a b l e r e a c t i o n medium was used, the mitochondria 
i s o l a t e d from developing f l i g h t muscle of L o c u s t a m i g r a t o r i a contained 
the metabolic systems n e c e s s a r y f o r the coupling between phosphorylation 
and the o x i d a t i o n of the v a r i o u s s u b s t r a t e s used, w i t h the e x c e p t i o n 
of s u c c i n a t e (see R e s u l t s s e c t i o n ) a t a l l s t a g e s s t u d i e d . T h i s r e s u l t i s 
i n c o n t r a s t t o the e a r l y r e p o r t by KLINGENBERG and BUCHER (1959) t h a t 
r e s p i r a t o r y c o n t r o l was not demonstrable before the l o t h - 15th day of 
a d u l t l i f e . However, BUCHER (1965) suggested t h a t the "anlage" of 
the l a s t i n s t a r of L o c u s t a c o n t a i n s f u l l y f u n c t i o n a l but v e r y s m a l l 
mitochondria. I t has a l s o been r e p o r t e d (POLLAK and SUTTON, 1980) 
t h a t the development of m i t o c h o n d r i a l f u n c t i o n i s o f t e n an e a r l y and 
e s s e n t i a l p a r t of d i f f e r e n t i a t i o n s i n c e many a s p e c t s of c e l l u l a r 
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d i f f e r e n t i a t i o n depend on the energy provided by these o r g a n e l l e s . 
S i m i l a r l y , MICHEJDA (1964) has r e p o r t e d t h a t the f l i g h t muscle 
mitochondria of Eyalophora c e c r o p i a demonstrated e q u a l l y e f f i c i e n t 
p h o s p h o r y l a t i o n (P:0) a t a l l developmental s t a g e s (15th day before t o 
8th day a f t e r f i n a l e c d y s i s ) . However, he showed t h a t r e s p i r a t o r y 
c o n t r o l by ADP, when glutamate was the s u b s t r a t e , was low before the 
f i n a l e c d y s i s , reached i t s maximum a t the time of e c d y s i s to a d u l t 
and was then l o s t i n mitochondria from o l d e r a d u l t s . VAN DEN BERGH 
(1962) found t h a t r e s p i r a t o r y f u n c t i o n was w e l l developed and comparable 
a t a l l s t a g e s (from 24 hours a f t e r the f i n a l e c d y s i s up to the end of 
the 3rd week of a d u l t l i f e ) i n Musca domestica, whereas LEWIS and 
SLATER (1954) found low P:0 r a t i o s w i t h mitochondria i s o l a t e d from 
the b l o w f l y , C a l l i p h o r a e r y t h r o c e p h a l a , younger than 10-day o l d a d u l t . 
S i m i l a r o b s e r v a t i o n s , to the l a t t e r , have been r e p o r t e d i n mitochondria 
i s o l a t e d from the f l i g h t muscle of A p i s m e l l i f e r a (BALBONI, 1967) and 
C a l l i p h o r a e r y t h r o c e p h a l a (TRIBE, 1967). The p r e s e n t study r e v e a l e d 
t h a t the two r e a c t i o n media used to a s s e s s the developmental competence 
of i s o l a t e d mitochondria gave d i f f e r e n t r e s u l t s . Thus, the r e a c t i o n 
medium most s u i t a b l e f o r mitochondria from young a d u l t l o c u s t s was 
l e s s s u i t a b l e f o r those from o l d e r a d u l t animals. T h i s suggests t h a t 
the study of the m i t o c h o n d r i a l competence i s r e a c t i o n medium dependent, 
and t h a t t h i s dependence changes with development. T h i s i s i n agreement 
w i t h the statement by CRABTREE and NEWSHOLME (1975) t h a t s i n c e the 
metabolic pathways c o n s i s t of a l a r g e number of d i f f e r e n t and sometimes 
complex r e a c t i o n s , i t was not p o s s i b l e to e s t a b l i s h optimal c o n d i t i o n s 
f o r a l l r e a c t i o n s i n one r e a c t i o n medium. 
The f l i g h t muscle of L o c u s t a showed s u b s t a n t i a l developmental 
changes during the f i r s t week of a d u l t l i f e (see Chapter 3 ) . I t w i l l 
be r e c a l l e d t h a t these changes a f f e c t e d both the c o n t r a c t i l e machinery 
and the mitochondria. The r e s u l t s p r e s e n t e d i n t h i s Chapter have shown 
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t h a t a s s o c i a t e d w i t h the f i n e s t r u c t u r a l changes i n the mitochondria 
t h e r e i s a marked i n c r e a s e i n t h e i r o x i d a t i v e c a p a c i t y . BURSELL (1973) 
has suggested t h a t i n G l o s s i n a morsitans the wing-beat frequency may 
be l i m i t e d by the r a t e a t which energy can be s u p p l i e d to the 
c o n t r a c t i l e machinery. More r e c e n t l y , HERSCH e t a l ^ (1978) have 
suggested t h a t i t i s the energy producing systems ( i . e . Krebs c y c l e 
enzymes, cytochrome c content, i n c r e a s e d s i z e and s t r u c t u r a l complexity 
of mitochondria and g l y c o l y t i c enzymes) which l i m i t muscle a c t i v i t y 
and develop synchronously a t the a p p r o p r i a t e age. I n L o c u s t a , a 
marked i n c r e a s e i n mitochondria r e s p i r a t i o n per mg p r o t e i n was noted 
i n the f i r s t week of a d u l t l i f e i n d i c a t i n g an i n c r e a s e i n m i t o c h o n d r i a l 
o x i d a t i v e a c t i v i t y a t the time f l i g h t performance i s known to improve. 
S i m i l a r l y , STREUMER-SVOBODOVA and DRAHOTA (1977) have suggested t h a t 
the i n c r e a s e i n o x i d a t i v e c a p a c i t y o f mitochondria of v a r i o u s t i s s u e s 
d u r i n g e a r l y p o s t - n a t a l development of v e r t e b r a t e s i s i n c l o s e 
c o r r e l a t i o n w i t h the i n c r e a s e i n a c t i v i t y of these muscles. 
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CHAPTER 5 
CHARACTERIZATION OF SR-ATPase wi t h PARTICULAR EMPHASIS 
ON THE DEVELOPMENTAL CHANGES IN SR FUNCTION AND 
a-GLYCEROPHOSPHATE DEHYDROGENASE ACTIVITY 
I n t r o d u c t i o n 
I t i s now r e c o g n i s e d t h a t C a 2 + a c t as a c t i v a t o r s and r e g u l a t o r s 
o f many b i o l o g i c a l p r o c e s s e s (CHEUNG, 1980). The most thoroughly 
documented are the e x c i t a t i o n - c o n t r a c t i o n c o u p l i n g i n s k e l e t a l , 
c a r d i a c and smooth muscle (SANDOW, 1965, 1970; EBASHI and ENDO, 1968; 
HUDDART, 1975; EBASHI, 1976) and the a c t i v a t i o n of c e r t a i n important 
me t a b o l i c enzymes (KRESINGER, 1976; CARFOLI and CROMPTON, 1978; 
DENTON and McCORMACK, 1980a). As mentioned e a r l i e r , the st i m u l u s 
f o r the c o n t r a c t i o n of muscle i s the a r r i v a l of an e l e c t r i c a l impulse, 
v i a a motor nerve, a t the end-plate or neuromuscular j u n c t i o n . When 
the e x c i t a t o r y impulse spreads over the c e l l membrane, the s u r f a c e 
membrane becomes d e p o l a r i z e d . T h i s d e p o l a r i z a t i o n i s c h a n n e l l e d i n t o 
the f i b r e v i a the T-system and u s u a l l y t a k e s the form of an a c t i o n 
p o t e n t i a l (COSTANTIN, 1970; BASTIAN and NAKAJIMA, 1974) which e x e r t s an 
i n f l u e n c e (TAYLOR and GODT, 1976) v i a the t r i a d i c and dyadic j u n c t i o n s 
(FRANZINI-ARMSTRONG, 1975, 1980) on the SR causing i n c r e a s e d p e r m e a b i l i t y 
(TAYLOR and GODT, 1976; MEECH, 1976). As a r e s u l t , C a 2 + a r e r e l e a s e d 
from the t e r m i n a l c i s t e r n a e of the SR (TAYLOR and GODT, 1976; ENDO, 1977) 
i n which i t i s normally segregated i n r e l a x i n g muscle (JORGENSEN e t a l . , 
1979). The extremely r a p i d d i s c h a r g e of C a 2 + from the SR le a d s to an 
i n c r e a s e d i n t r a c e l l u l a r c o n c e n t r a t i o n of C a 2 + ; probably i n the range of 
5 x 10" 5M (DAVIES, 1963). T h i s , i n t u r n , t r i g g e r s c o n t r a c t i o n by 
removing the i n h i b i t o r y e f f e c t of the r e g u l a t o r y p r o t e i n s , troponin and 
tropomyosin, on a c t i n (reviews by EBASHI and ENDO, 1968; EBASHI e t a l . , 
1969, 1976; EBASHI, 1980; WEBER and MURRY, 1973; PERRY, 1979). Thus i n 
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the presence o f Ca / + a c t i n and myosin i n t e r a c t i o n can occur and 
c o n t r a c t i o n takes place. As long as motor-nerve impulses continue t o 
a r r i v e a t the c e l l membrane, Ca' + remain i n the sarcoplasm and keep 
the muscle i n a contracted s t a t e . When the motor-nerve impulses cease, 
the c e l l membrane and the SR rega i n t h e i r o r i g i n a l p e r m e a b i l i t y p a t t e r n s . 
The Ca 2 + present i n the sarcopiasm are then t r a n s p o r t e d , i n an energy -
r e q u i r i n g process (EBASHI and LIPMANN, 1962) , across the SR membranes 
i n t o the c i s t e r n a e o f the SR. Thus the c o n c e n t r a t i o n of Ca 2 + i n the 
sarcoplasm i s brought t o low r e s t i n g c o n c e n t r a t i o n (PORTZEHL e t a l . , 
1964). The i n h i b i t o r y e f f e c t of Ca 2 + on the r e g u l a t o r y system which 
prevented the i n t e r a c t i o n between a c t i n and myosin i s removed and 
consequently r e l a x a t i o n occurs (reviews by EBASHI and ENDO, 1968; 
EBASHI e t a l . , 1969, 1976; EBASHI, 1980; WEBER and MURRY, 1979; 
PERRY, 1979). 
The e n e r g y - r e q u i r i n g a c t i v e t r a n s p o r t o f Ca 2 + from the sarcoplasm 
i n t o the c i s t e r n a e o f the SR has been st u d i e d by biochemical methods 
(MARTONOSI and FERETOS, 1964a,b; WEBER e t a l . , 1966; see also reviews 
by HASSELBACH, 1964a;INESI, 1972). Approximately 30 years ago MARSH 
(1951, 1952) showed t h a t aqueous e x t r a c t s prepared from r a b b i t s k e l e t a l 
muscle contained a f a c t o r (the so c a l l e d r e l a x i n g f a c t o r ) capable of 
i n h i b i t i n g ATPase a c t i v i t y o f m y o f i b r i l s . Subsequently, KUMAGAI e t a l . 
(1955) r e p o r t e d the presence o f a membrane ATPase, d i s t i n c t from the 
m y o f i b r i l l a r ATPase, which induced muscle r e l a x a t i o n . Furthermore, i t 
was shown t h a t t h i s ATPase was the same as t h a t i s o l a t e d by KIEL-LEY and 
MEYERHOF (1948a,b) and known as "KIELLEY-MEYERHOF granular ATPase". 
I n 1958, EBASHI showed t h a t t h i s ATPase and the r e l a x i n g f a c t o r p u r i f i e d 
together and t h a t the r e l a x i n g f a c t o r was dependent on ATPase a c t i v i t y . 
EBASHI and LIPMANN (1962) showed t h a t the membrane f r a c t i o n showing 
ATPase a c t i v i t y was l a r g e l y made up o f small resealed v e s i c l e s o f SR, 
which can be i s o l a t e d i n the microsomal f r a c t i o n . They suggested t h a t 
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the massive accumulation o f Ca^ by such prepa r a t i o n s could be 
explained by the existence of an ener g y - r e q u i r i n g system f o r the 
t r a n s p o r t o f Ca 2 + i n t o the membrane v e s i c l e s (see also NAGAI e t a l . , 
1960; MUSCATELLO e t a l . , 1962). 
To date the m a j o r i t y o f studies on t h i s system have been c a r r i e d 
out on v e r t e b r a t e muscle (see reviews oy HASSELBACH, 1964a; INESI, 1972; 
MacLENNAN and HOLLAND, 1975). However, TSUKOMOTO e t a l . (1966) 
r e p o r t e d t h a t the SR from f l i g h t muscle of Locusta m i g r a t o r i a e x h i b i t e d 
p r o p e r t i e s s i m i l a r t o those of the corresponding f r a c t i o n from 
v e r t e b r a t e s k e l e t a l muscle (HASSELBACH, 1964a). Indeed, the granular 
SR f r a c t i o n from Locusta f l i g h t muscle was very e f f e c t i v e i n 
i n h i b i t i n g m y o f i b r i l l a r ATPase, whether the l a t t e r was prepared from 
the same muscle or from r a b b i t s k e l e t a l muscle. Evidence was put 
forward t o suggest t h a t the granules were a c t i n g by removing Ca 2 + 
from the m y o f i b r i l s because o f t h e i r strong C a 2 + - b i n d i n g capacity. 
I t was concluded t h a t i n s e c t sarcoplasmic r e t i c u l a granules, l i k e 
those of v e r t e b r a t e s , are capable o f accumulating C a 2 + (HUDDART e t a l . , 
1974) and a c t i n g as r e l a x i n g factors(MARUYAMA, 1974). Therefore, a l l 
muscles, both v e r t e b r a t e and i n v e r t e b r a t e , can be considered i d e n t i c a l 
systems i n so f a r as the chemical mechanism o f c o n t r a c t i o n and r e l a x a t i o n 
i s concerned (TSUKOMOTO e t a l . , 1966; MARUYAMA, 1974). 
I n t h e i r e a r l y s tudies KIELLEY and MEYERHOF (1948) showed t h a t 
the ATPase from SR was a c t i v a t e d by Mg 2 + and i n h i b i t e d by Ca 2 + a t 
mmolar concentrations. This has subsequently been confirmed by 
HASSELBACH and MAKINOSE (1961) (see also review by HASSELBACH, 1964a) 
who showed t h a t the e f f e c t o f Ca 2 + i s dependent on i t s concentration. 
Thus i n c o n t r a s t t o the i n h i b i t o r y e f f e c t o f Ca 2 + j u s t r e p o r t e d , ymolar 
co n c e n t r a t i o n of Ca 2 + s t i m u l a t e d SR-ATPase a c t i v i t y . 
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I n biochemical studies on muscle SR f r a c t i o n s , two d i s t i n c t 
ATPases are re p o r t e d (see HASSELBACH, 1964a,b; INESI, 1972). 
( i ) Basal ATPase (HASSELBACH and MAKINOSE, 1961, 1962; YAMAMOTO and 
TONOMURA, 1967; HOLLAND and PERRY, 1969), which has been v a r i o u s l y 
described, M g 2 + - a c t i v a t e d ATPase, Mg 2 + + EGTA-activated C a 2 + - i n s e n s i t i v e 
ATPase (MARTONOSI e t a l . , 1972; BOLLAND e t a l . ( 1974) and Mg 2 +-dependent 
ATPase (COSSINS, 1974). This enzyme e x h i b i t s low a c t i v i t y i n the 
presence o f oxalate (HASSELBACH and MAKINOSE, 1961, 1962; HOLLAND 
and PERRY, 1969) or EGTA (MARTONOSI e t a l . , 1972; BOLLAND e t a l . , 
1974; COSSINS, 1974). ( i i ) T o t a l (Basal + e x t r a ) ATPase (HOLLAND 
and PERRY, 1969) or Mg 2 + + C a 2 + - a c t i v a t e d ATPase (MARTONOSI e t a l . , 
1972; BOLLAND e t a l . , 1974; COSSINS, 1974), which i s observed i n the 
presence o f Ca 2 + and Mg 2 + together. The d i f f e r e n c e i n a c t i v i t y 
between ( i ) and ( i i ) i s r e f e r r e d t o as e i t h e r " e x t r a " ATPase, Ca 2 +-
a c t i v a t e d ATPase (HASSELBACH, 1964a?HOLLAND and PERRY, 1969; 
MARTONOSI e t a l . , 1972; BOLLAND e t a l . , 1974), Ca 2 +-dependent ATPase 
(YAMAMOTO and TONOMURA, 1967) or C a 2 + - s t i m u l a t e d ATPase (COSSINS, 1974) 
and i t i s t h i s a c t i v i t y which has been c o r r e l a t e d w i t h Ca 2 + -uptake 
by the SR (HASSELBACH and MAKINOSE, 1961; HASSELBACH, 1964b; WEBER e t a l . , 
1966; YAMADA e t a l . , 1970; HASSELBACH e t a l . , 1970). W h i l s t numerous 
workers have s t u d i e d the p r o p e r t i e s of t h i s ATPase a c t i v i t y from SR 
of v e r t e b r a t e s k e l e t a l muscle (MARTONOSI and FERETOS, 1964b; WEBER e t a l . 
1966; YAMAMOTO and TONOMURA, 1967; MARTONOSI, 1968; MacLENNAN, 1970) 
(see also review by INESI, 1972; MacLENNAN and HOLLAND, 1975; TADA 
e t a l . , 1978), i n f o r m a t i o n on i n s e c t m a t e r i a l i s extremely l i m i t e d ; 
a notable exception being the recent study by VOLMER (1978). I t i s 
now w e l l e s t a b l i s h e d t h a t the C a 2 + - t r a n s p o r t i n g ATPase from sarcoplasmic 
r e t i c u l u m i s Mg 2 +-dependent (mmolar cone.) and s t i m u l a t e d by Ca 2 + 
(umolar f r e e C a 2 + ) . The C a 2 + - s t i m u l a t e d ATPase from freshwater c r a y f i s h 
muscle r e q u i r e d , i n a d d i t i o n t o Mg + and Ca + , K + f o r a c t i v a t i o n 
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(COSSINS and BOWLER, 1976) w h i l e GREEN e t a l . (1976) and RUBIN and 
KATZ (1967) have shown t h a t ATPase from SR of r a t muscle and 
r a b b i t muscle, r e s p e c t i v e l y , was s t i m u l a t e d above Mg 2 +-dependent 
ATPase by K+. VOLMER (1978) reported t h a t SR-ATPase from Locusta 
SR reaches a maximum l e v e l a t lOOmM KC1. 
The accumulation o f Ca 2 + from the sarcoplasm by SR ATPase i s 
thought t o be the r a t e - l i m i t i n g step i n r e l a x a t i o n (HASSELBACH, 1964b; EBASHI 
and ENDO,1968; SANDOW, 1970; BRIGGS ejt al_. , 1977; ENDO, 1977) and i t 
i s p o s s i b l e t o r e l a t e the r a t e o f r e l a x a t i o n t o the a b i l i t y of the 
SR t o accumulate Ca 2 + (BRIGGS e t a l . , 1977). For example, FIEHN 
and PETER (1971) and BRIGGS e t a l . (1977) have shown t h a t the 
r e l a t i v e C a 2 + — u p t a k e by the SR from slow and f a s t muscle corresponds 
c l o s e l y w i t h t h e i r r e l a t i v e r a t e s o f r e l a x a t i o n . Furthermore, i t 
would appear t h a t the d i f f e r e n c e s i n r e l a x a t i o n time between various 
muscles may be accounted f o r by the amount and p r o p e r t i e s of t h e i r 
SR (BRIGGS e t a l . , 1977). The Ca 2 +-uptake a c t i v i t y o f SR microsomes 
i s thought t o r e f l e c t the a c t i v i t y i n the i n t a c t s k e l e t a l muscle 
(FANBURG e t a l ^ , 1968) and can be c o r r e l a t e d w i t h the type of muscle 
from which i t i s i s o l a t e d (PEITTE and HEILMANN, 1980). Recently, 
chronic e l e c t r o - s t i m u l a t i o n (HEILMANN and PEITTE, 1980) has shown t h a t , 
a f t e r two days of s t i m u l a t i o n , a progressive t r a n s f o r m a t i o n of SR 
of f a s t - t w i t c h r a b b i t muscle can be induced by the frequency p a t t e r n 
received from a s l o w - t w i t c h muscle. This t r a n s f o r m a t i o n includes a 
decrease i n Ca 2 +-dependent ATPase, C a 2 + - t r a n s p o r t , Ca 2 +, Mg 2 +-dependent 
phosphoprotein and a rearrangement o f the e l e c t r o p h o r e t i c polypeptide 
and phosphoprotein p a t t e r n . I n a d d i t i o n , the t r a n s f o r m a t i o n i s 
accompanied by an increase i n time-to-peak of t w i t c h c o n t r a c t i o n and 
h a l f r e l a x a t i o n time which occurs before conversion of the myosin 
l i g h t chain p a t t e r n . They concluded t h a t t h i s observation emphasized 
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the r o l e played by SR i n determining the t w i t c h c h a r a c t e r i s t i c s o f 
f a s t - and slow t w i t c h muscle. 
During the growth o f an animal the speed o f c o n t r a c t i o n and 
r e l a x a t i o n increase i n v e r t e b r a t e s k e l e t a l muscle (CLOSE, 1964; 
BUTLER e t al^. , 1966) and i n i n t r •••.segmental muscle of Locusta (TYRER, 
1969, 1973). These changes have been c o r r e l a t e d w i t h the development 
o f the T-system and the SR (TYRER, 1973). S i m i l a r l y , developmental 
changes have been re p o r t e d i n the f u n c t i o n a l p r o p e r t i e s of SR from 
r a b b i t (SZABLES e t a l . , 1967; HOLLAND and PERRY, 1969) and chicken 
(FANBURG e t a l . , 1968; MARTONOSI et_ a l . , 1972, 1980; BOLLAND e t a l . , 
1974) and i n u l t r a s t r u c t u r e (TILLACK e t a l . , 1974). 
I n Locusta m i g r a t o r i a f l i g h t muscle, there appears t o be a 
good c o r r e l a t i o n between the changes i n u l t r a s t r u c t u r e (see Chapter 3) 
associated w i t h development and the development of the enzyme p a t t e r n 
important i n c a t a b o l i c pathways of f l i g h t metabolism (BEENAKKERS et a^L., 
1975) . Associated w i t h these developmental changes i s the f a c t t h a t 
C a 2 + must move between SR and sarcoplasm and back t o c o n t r o l the 
c o n t r a c t i o n - r e l a x a t i o n c y c l e (ELDER, 1975). 
I t i s thought t h a t the maximal a c t i v i t y o f C a 2 + - t r a n s p o r t i n g ATPase 
and Ca 2 +-uptake by the SR of v e r t e b r a t e s k e l e t a l muscle, i s preceded 
by the appearance of Mg2+-depend.ent ATPase and i s associated w i t h the 
development of the SR (FANBURG e t a l . , 1968; HOLLAND and PERRY, 1969; 
MARTONOSI e t a l . , 1972; BOLLAND e t a l . , 1974). This i s co n s i s t e n t w i t h 
the suggestion t h a t the speed o f c o n t r a c t i o n and r e l a x a t i o n of mature 
s k e l e t a l muscle i s determined by i t s C a 2 + - t r a n s p o r t i n g a c t i v i t y 
(SANDOW, 1965). 
I n view o f the i n f o r m a t i o n presented above, the development of the 
SR ATPase system i s c l e a r l y an important f a c t o r i n r e g u l a t i n g mechanical 
a c t i v i t y by c o n t r o l l i n g sarcoplasmic l e v e l s o f Ca 2 + c o n c e n t r a t i o n . 
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The l a t t e r , in turn, plays a s i g n i f i c a n t role i n mitochondrial function. 
A number of mitochondrial enzymes are known to be influenced by Ca^ 
(HANSFORD and CHAPPELL, 1967; VAUGHAN and NEWSHOLME, 1969; ZAMMIT and 
NEWSHOLME, 1976; ROCHE et a l . , 1980; DENTON and McCORMACK, 1980a), for 
example, a-glycerophosphate dehydrogenase (HANSFORD and CHAPPELL, 1967; 
DONNELLAN and BEECHEY, 1969). Associated with the complete development 
of f l i g h t muscle of Locusta migratoria, there i s an approximately 5-fold 
increase i n the t o t a l a c t i v i t y of a-glycerophosphate dehydrogenase 
(EC 1.1.99.5) and a 50-fold increase i n the chondriome (BROSEMER et a l . , 
1963; BUCHER, 1965). a-Glycerophosphate dehydrogenase i s bound to the 
inner membrane of Locusta f l i g h t muscle mitochondria (ZEBE and McSHAN, 
1957). More recently, studies by VAUGHAN and NEWSHOLME (1970), 
KLINGENBERG and BUCHHOLZ (1970) , DONNELLAN et al_. (1970) , BALBONI (1972) 
and LLOYD and HARRISON (1974) suggest that t h i s enzyme i s , i n fact, 
located on the outer surface of the inner mitochondrial membrane. However, 
SLACK and BURSELL (1977) suggest that ot-glycerophosphate dehydrogenase 
i s located on the inner rather than outer surface of the inner 
mitochondrial membrane. The coupling between mitochondrial a-glycerophosphate 
dehydrogenase and cytoplasmic a-glycerophosphate dehydrogenase (EC 1.1.1.8), 
provides insect f l i g h t muscle with a highly e f f i c i e n t system (the 
a-glycerophosphate shuttle) for the oxidation of extra-mitochondrial NADH 
generated during g l y c o l y s i s (ZEBE and McSHAN, 1957; ZEBE et a l . , 1959; 
SACKTOR, 1965) (see F i g . 5.1.). The a-glycerophosphate shuttle or cycle 
assumes a highly s i g n i f i c a n t role i n the ov e r a l l metabolism of f l i g h t 
muscle compensating for the very low a c t i v i t y of lac t a t e dehydrogenase 
present in t h i s t i s s u e (SACKTOR, 1955; ZEBE and McSHAN, 1957). 
I t has been shown that the inclusion of EDTA (ESTABROOK and 
SACKTOR, 1958) or EGTA (HANSFORD and CHAPPELL, 1967) in the incubation 
media resulted i n the in h i b i t i o n of a-glycerophosphate oxidation by 
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Figure 5.1. A schematic diagram of the a-glycerophosphate 
shuttle showing i t s connection with g l y c o l y s i s 
i n insect f l i g h t muscle (after SACKTOR, 1975) . 
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f l i g h t muscle mitochondria from Musca domestica and C a l l i p h o r a 
vomitora, r e s p e c t i v e l y . This i n h i b i t i o n was r e l i e v e d by the d i v a l e n t 
metal i o n s , C a 2 + and Mg 2 + or by incre a s i n g the substrate c o n c e n t r a t i o n . 
Indeed, HANSFORD and CHAPPELL (1967) showed t h a t umolar concentration 
of C a 2 + were s u f f i c i e n t t o induce a r a p i d r a t e of a-glycerophosphate 
o x i d a t i o n by f l i g h t muscle mitochondria from C a l l i p h o r a vomitora. 
Furthermore, a p l o t o f enzyme a c t i v i t y verus c o n c e n t r a t i o n of 
a-glycerophosphate revealed a sigaioidal r e l a t i o n s h i p i n the absence 
of Ca 2 +. At 2mM a-glycerophosphate, which i s the c o n c e n t r a t i o n found 
i n the f l i g h t muscle o f the b l o w f l y , Phormia regina (SACKTOR and 
WORMSER-SHAVIT, 1966), the i n c l u s i o n of C a 2 + i n the i n c u b a t i o n medium 
e f f e c t e d a 1 0 - f o l d increase i n the r a t e o f o x i d a t i o n . I t was, 
Q .1. 
t h e r e f o r e , suggested t h a t the a c t i o n of Ca i s t o lower the apparent 
Km f o r a-glycerophosphate (HANSFORD and CHAPPELL, 1967) by a c t i n g as 
a co-operative h e t e r o t r o p i c a l l o s t e r i c e f f e c t o r on the a l l o s t e r i c s i t e 
o f the enzyme (DONNELLAN and BEECHEY, 1969). This a c t i v a t i o n o f 
a-glycerophosphate dehydrogenase by umolar Ca , has subsequently 
been demonstrated w i t h f l i g h t muscle mitochondria and submitochondrial 
p a r t i c l e s from various i n s e c t s , i n c l u d i n g Sarcophaga barbata, P i e r i s 
brassicae, Apis m e l l i f e r a , Schistocerca g r e g a r i a and Musca domestica 
(DONNELLAN and BEECHEY, 1969), Fhormia regi n a (CARFOLI and SACKTOR, 
1972). LLOYD and HARRISON (1974) have shown t h a t the o x i d a t i o n of 
0.5mM a-glycerophosphate by Locusta f l i g h t muscle mitochondria increased 
5 - f o l d by a d d i t i o n of very low concentrations o f Ca . 
The present study was undertaken t o determine some of the 
p r o p e r t i e s o f the SR-ATPase of Locusta f l i g h t muscle and t o determine 
whether the a c t i v i t y o f t h i s enzyme changes w i t h development. I n 
a d d i t i o n , the a b i l i t y o f i s o l a t e d mitochondria t o o x i d i z e a-glycerophosphate 
and the e f f e c t o f Ca 2 +, Mg 2 + and substrate concentrations on t h i s process 
have been s t u d i e d , a t var i o u s ages, t o determine whether changes i n the 
a l l o s t e r i c behaviour are associated w i t h development. 
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M a t e r i a l s and Methods 
The maintenance o f in s e c t s and the methods of sampling were 
the same as those described i n the General M a t e r i a l s and Methods 
(Chapter 2 ) . 
A) Preparation o f SR microsomal f r a c t i o n from Locusta m i g r a t o r i a 
f l i g h t muscle 
The method employed was e s s e n t i a l l y the same as t h a t described 
by COSSINS (1974). 
Unless otherwise s t a t e d , 10 a d u l t animals (5 males + 5 females) 
were k i l l e d as described i n the p r e p a r a t i o n o f mitochondria (see 
General M a t e r i a l s and Methods (Chapter 2) ) . The f l i g h t muscles were 
q u i c k l y d i ssected out and c o l l e c t e d i n a small beaker standing on 
crushed i c e , and co n t a i n i n g lOcm^ of an i c e - c o l d homogenization 
medium (1) c o n s i s t i n g o f lOOmM KC1, lOmM imidazole/HCl, pH 7.1. 
The "pooled" muscles were t r a n s f e r r e d t o an i c e - c o l d homogenization 
tube and homogenization was c a r r i e d out w i t h a Te f l o n p e s t l e 
(clearance 0.1-0.5mm). Ten passes o f the p e s t l e , by hand, were 
s u f f i c i e n t t o break up the f l i g h t muscle t o small fragments. The 
r e s u l t i n g homogenate was then d i s t r i b u t e d i n t o two polycarbonate 
c e n t r i f u g e tubes (M.S.E. Ltd.) and c e n t r i f u g a t i o n was c a r r i e d out a t 
l,000g ( M i s t r a l 2L, M.S.E. Ltd.) f o r 30 minutes a t 0^ -4°C t o remove 
n u c l e i , connective t i s s u e and c e l l d e b r i s . The supernatant (a) was 
stored on i c e , and the p e l l e t obtained from t h i s s pin was r e - e x t r a c t e d 
as described above using i s o l a t i o n medium ( 1 ) . The second p e l l e t was 
discarded and the supernatant (b) r e t a i n e d and combined w i t h 
supernatant ( a ) . The combined supernatants (a + b) were c e n t r i f u g e d 
a t 13,OOOg a t 0-4°C f o r 30 minutes i n a High Speed 18 r e f r i g e r a t e d 
c e n t r i f u g e (M.S.E. Ltd.) t o remove remaining n u c l e i , m y o f i b r i l s and 
mitochondria. Once again the p e l l e t was discarded and the supernatant 
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which contained microsomes (SR fragments), soluble p r o t e i n , m y o f i b r i l s 
and m i t o c h o n d r i a l contaminants r e t a i n e d . This was then c e n t r i f u g e d 
a t 35,OOOg i n an M.S.L. Automatic Superspeed 40 (head number 2409) 
f o r 60 minutes a t 0-4°C. The supernatant was discarded and the 
p e l l e t r e t a i n e d and resuspended i n a concentrated KC1 medium ( 2 ) , 
c o n s i s t i n g o f 0.6M KCl, lOmM ircidazole/HCl, pH 7.1, by homogenization, 
i n order t o s o l u b i l i s e contaminant fragments o f actomyosin (MARTONOSI 
and FERETOS, 1964b). 
The p e l l e t was f i n a l l y sedimented a t 35,OOOg f o r 60 minutes a t 
0-4°C, and the f i n a l p e l l e t was suspended by homogenization i n an 
appropriate volume of sucrose medium ( 3 ) , c o n s i s t i n g of 0.3M sucrose, 
lOmM imidazole/HCl, pH 7.1. The l a t t e r medium has been found t o 
p r o t e c t the microsomal p r e p a r a t i o n from d e t e r i o r a t i o n during storage 
(COSSINS, 1974). The p r o t e i n c o n c e n t r a t i o n was between 60-lOOyg/cm3. 
B) Assay of ATPase a c t i v i t y 
( i ) I o n i c media 
(a) Basal ATPase (Mg 2 +-dependent ATPase) 
The Mg 2 +-dependent ATPase a c t i v i t y was determined i n a r e a c t i o n 
medium w i t h the f o l l o w i n g f i n a l i o n i c composition. 




25mM B i s - T r i s Propane/HCI (pH 7.6) a t 30°C 
(b) T o t a l ATPase (Ca 2 +-Mg 2 +-ATPase) 
The t o t a l ATPase a c t i v i t y was determined i n r e a c t i o n medium 
w i t h the f o l l o w i n g i o n i c composition. 
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3mM MgCl ; 
O.SmM EGTA 
0.5mM CaCl 2 
lOOmM KC1 
75mM Sucrose 
25mM B i s - T r i s Propane/HCI (pH 7.6) a t 30°C 
I n cases where the composition of the r e a c t i o n media and pH 
were d i f f e r e n t , they w i l l be described i n the t e x t . 
( i i ) Stopping mixture 
This consisted of a 1:1 mixture of 1% c i r r a s o l ALN-WF and 
1% ammonium molybdate i n 0.9M s u l p h u r i c a c i d (ATKINSON e t a l . , 1973). 
( i i i ) Experimental procedure 
Incubations were normally c a r r i e d out a t 30 ± 0.1°C f o r 20 
minutes (unless otherwise s t a t e d ) . 
Enzyme a c t i v i t y was assayed e i t h e r i n 150 x 25mm "Pyrex" b o i l i n g 
tubes, or "Pyrex" glass c e n t r i f u g e tubes. Assay tubes c o n t a i n i n g 
the a p p r o p r i a t e i o n i c media were t h e r m o e q u i l i b r a t e d f o r 15 minutes a t 
bath temperatures before s t a r t i n g the r e a c t i o n . The r e a c t i o n media 
consisted of 1cm3 o f the appr o p r i a t e i o n i c medium and 0.5cm3 of 12mM 
Tris-ATP (see Appendix 5.1). The r e a c t i o n was s t a r t e d by the a d d i t i o n 
of 0.5cm3 of the microsomal suspension b r i n g i n g the f i n a l volume up t o 
2cm3. A f t e r the p e r i o d o f i n c u b a t i o n , the r e a c t i o n was stopped by 
adding 4cm3 of the stopping mixture and the tubes were q u i c k l y removed 
from the water bath and l e f t t o stand a t room temperature f o r 10 minutes 
t o a l l o w the yellow colour t o develop. They were then t r a n s f e r r e d t o 
crushed i c e f o r s t o r i n g . C o n t r o l tubes were set up i n each experiment. 
These tubes contained the normal r e a c t i o n medium and 0.5cm3 Tris-ATP. 
They were incubated f o r the same p e r i o d as the experimental tubes. 
However, the microsomal suspension was not added u n t i l immediately 
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a f t e r the a d d i t i o n o f the stopping mixture. 
( i v ) A n alysis o f ino r g a n i c phosphate 
Following c e n t r i f u g a t i o n a t l,000g i n M.S.E. M i s t r a l 2L 
c e n t r i f u g e f o r 10 minutes a t 0-4°C, t o remove any p r o t e i n which 
p r e c i p i t a t e d , the supernatant was poured i n t o clean, precooled 
"Pyrex" tubes and st o r e d on i c e . The i n t e n s i t y o f the yellow colour 
which developed was read a t 390rui on a C e c i l CE 292 spectrophotometer. 
The r e s u l t i n g absorbancy values were converted t o c o n c e n t r a t i o n of 
ino r g a n i c phosphate by reference t o a standard c a l i b r a t i o n curves 
(see Appendix 5.2) (ATKINSON e t a l . , 1973). A l l r e s u l t s were 
expressed as nmoles P i l i b e r a t e d m g . p r o t e i n - 1 . m i n u t e - 1 . 
(v) E s t i m a t i o n of C a 2 + - s t i m u l a t e d ATPase 
The Mg 2 +-dependent ATPase and C a 2 + - s t i m u l a t e d Mg 2 +-dependent 
ATPase a c t i v i t i e s were c a l c u l a t e d by s u b t r a c t i n g the values f o r the 
c o n t r o l tubes from those obtained w i t h the experimental tubes. The 
C a 2 + - s t i m u l a t e d ATPase (e x t r a ATPase) a c t i v i t y was c a l c u l a t e d as the 
d i f f e r e n c e between Mg 2 +-dependent ATPase a c t i v i t y and Ca 2 + + Mg 2 +-
ATPase a c t i v i t y . 
( v i ) P r o t e i n determination o f SR 
These were made by the method o f LOWRY e t a l . (1951) using BSA 
f r a c t i o n V (Sigma Chemical Co.) as standard (see Chapter 2 ) . From 
knowing the number of animals used i n the p r e p a r a t i o n o f SR fragments 
and the volume of the f i n a l microsomal suspension, the amount o f 
SR p r o t e i n per thorax was c a l c u l a t e d . 
( v i i ) Treatment o f s a t u r a t i o n k i n e t i c s data 
The data were t r e a t e d g r a p h i c a l l y using the LINEWEAVER and BURK 
(1934) p l o t which modifies the Michaeles - Menten equation, was 
p l o t t e d against ^  (s = substrate c o n c e n t r a t i o n and v = r e a c t i o n v e l o c i t y ) . 
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Vmax was c a l c u l a t e d from 1 on the y ax i s and Km from - 1 i n t e r c e p t i n t e r c e p t 
on the x a x i s . The slopes were c a l c u l a t e d by using regression 
a n a l y s i s (SNEDECOR and COCHRAN, 1967). 
0+ 0 + 
C) The e f f e c t o f Ca , Mg^ and a-glycerophosphate c o n c e n t r a t i o n on 
the a c t i v i t y o f a-glycerophosphate dehydrogenase from developing 
f l i g h t muscle mitochondria 
The a c t i v i t y o f t h i s enzyme was determined by measuring the 
uptake o f oxygen; oxygen i s the t e r m i n a l e l e c t r o n acceptor i n 
mitochondria. The method employed was e s s e n t i a l l y as described by 
KASHMEERY (1977). This i n v o l v e d the i n c l u s i o n o f the uncoupling 
agent, carbonyl-cyanide-p-trifluoro-methoxy-hydrazone (FCCP), i n the 
i n c u b a t i o n medium t o ensure the e l i m i n a t i o n o f the r o l e played by 
the r e s p i r a t o r y chain d u r i n g a-glycerophosphate o x i d a t i o n . 
a-Glycerophosphate dehydrogenase a c t i v i t y o f i s o l a t e d mitochondria 
was monitored i n the presence o f v a r y i n g concentrations of 
a-glycerophosphate. A l l r e a c t i o n media were f u l l y e q u i l i b r a t e d w i t h 
a i r a t 30°C f o r a t l e a s t 2 hours p r i o r t o beginning the experiment. 
2cm^ o f the a p p r o p r i a t e r e a c t i o n medium was p i p e t t e d i n t o the r e a c t i o n 
chamber (see F i g . 2.1 i n Chapter 2 ) . Following the e x c l u s i o n of a l l 
a i r bubbles from the r e a c t i o n chamber, 3ul o f an e t h a n o l i c s o l u t i o n o f 
FCCP was added t o give a f i n a l c o n c e n t r a t i o n o f 0.5pM. This was 
fol l o w e d by 50yl o f the appropriate m i t o c h o n d r i a l suspension. The 
r e a c t i o n was s t a r t e d by the a d d i t i o n o f 40ul a-glycerophosphate 
s u b s t r a t e . The f i n a l substrate concentrations used were as f o l l o w s : 
0.2, 0.4, 0.8, 1.2, 1.6, 3.3, 8.2, 13, 20, 32, 43, 54mM. A l l a d d i t i o n s 
were c a r r i e d out using a microsyringe. The complete range o f 
a-glycerophosphate concentrations was st u d i e d w i t h each m i t o c h o n d r i a l 
p r e p a r a t i o n . 
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The f o l l o w i n g three r e a c t i o n media were used. 
( i ) Calcium f r e e medium 
lOOmM KCl 
lOmM Tr i s / H C l , pH 7.1 a t 30°C 
* ImM EGTA 
( i i ) Calcium c o n t a i n i n g medium 
lOOmM KCl 
lOmM Tris/HCl, pH 7.1 a t 30°C 
ImM EGTA 
ImM CaCl ( f r e e Ca=1.43 x 10~5M) 2 
( i i i ) Magnesium c o n t a i n i n g medium 
lOOyM KCl 
5mM MgCl 2 
lOmM Tris/HCl, pH 7.1 a t 30°C 
* ImM. EGTA 
* The i n c l u s i o n of EGTA ensured the e l i m i n a t i o n of Ca . 
D) C a l c u l a t i o n of the co n c e n t r a t i o n of f r e e Ca 2 + i n a Ca-EGTA 
b u f f e r system 
A low l e v e l of f r e e Ca 2 + concentration i s known t o a c t i v a t e 
and c o n t r o l a number o f b i o l o g i c a l processes, such as the e x c i t a t i o n -
c o n t r a c t i o n coupling and r e l a x a t i o n (see I n t r o d u c t i o n ) . The presence 
o f s i g n i f i c a n t concentrations of Ca 2 + from extraneous sources and of an 
unknown number of Ca 2 + b i n d i n g s i t e s i n m i t o c h o n d r i a l and SR prepara t i o n s , 
makes i t d i f f i c u l t t o know the f r e e Ca 2 + c o n c e n t r a t i o n a c c u r a t e l y . 
This problem can be overcome by the use o f a C a 2 + - b u f f e r system, using 
substances which s e l e c t i v e l y b i n d t o d i v a l e n t ions. One of the best 
known substance of t h i s type i s EDTA which binds Ca 2 + about 10 2 more 
1 5 2 
e f f e c t i v e l y than Mg z . Recently, however, EDTA has been replaced 
by EGTA which can bind C a 2 + over 1 0 5 times more e f f e c t i v e l y . 
Normally only the b i n d i n g of Ca 2 + by the forms of EGTA w i t h 
three negative charges (HL 3~) and fou r negative charges ( L 1 * - ) are 
considered (CALDWELL, 1 9 7 0 ) . 
At given c o n d i t i o n s of pH, i o n i c s t r e n g t h and temperature, 
the apparent a s s o c i a t i o n constant k j and k 2 f o r the two forms of 
Ca-EGTA can be defined as 
k x = [MeHL~] / [Me 2 + j [ H L 3 ~ ] and 
k 2 = [ k e L 2 ~ ~] / [~Me2+] [ L 1 * - ] where 
[MeHL"3 [MeL 2 -]] represent the con c e n t r a t i o n of Ca-EGTA f o r the 
two forms of b i n d i n g . [HL 3 ~3 and PL 1 * ^ represent the t o t a l l i g a n d 
t h a t i s not complexed, and [Me 2~j represent the uncomplexed Ca 2 + 
c o n c e n t r a t i o n . A combined apparent a s s o c i a t i o n constants K (Kapp) can be 
defined as 
[MeL] 
K = k x + k 2 = 
pMe2 J [ L ] where 
[ k e i f ] , [ L ] and [ k e 2 + ] represent t o t a l c o n c e n t r a t i o n o f Ca-EGTA complex, 
uncomplexed EGTA and the remaining f r e e Ca 2 + c o n c e n t r a t i o n , r e s p e c t i v e l y . 
The l a t t e r equation was used t o c a l c u l a t e the f r e e Ca 2 + c o n c e n t r a t i o n , 
using the corrected values of the apparent a s s o c i a t i o n constant (see 
Appendix 5 . 3 ) by a process of successive approximations (CALDWELL, 1 9 7 0 ; 
COSSINS, 1 9 7 4 ) . I n i t i a l l y i t was assumed t h a t a l l a v a i l a b l e Ca 2 + was 
bound by EGTA, so t h a t {MehJ was equal t o the t o t a l EGTA remaining 
uncomplexed. The value of K, [keL] and [ L ] was used t o c a l c u l a t e a 
value of Ca 2 + c o n c e n t r a t i o n . Subsequently, the values of [MeL] and [ L ] 
were adjusted t o account f o r f r e e Ca 2 + concentrations c a l c u l a t e d 
p r e v i o u s l y . This process was repeated u n t i l reasonably steady values 
of Ca 2 + c o n c e n t r a t i o n were reached. The e f f e c t o f Mg 2 + on the 
e q u i l i b r i u m was not estimated. 
153 
The r e l a t i o n s h i p between the t o t a l Ca^ c o n c e n t r a t i o n i n the 
system and the f r e e Ca 2 + c o n c e n t r a t i o n i n the presence of 0.5mM and 
ImM EGTA i s shown i n Figures 5.2a and b. 
Results 
I n the present study, i t was assumed t h a t microsomal f r a c t i o n s 
prepared from Locusta m i g r a t o r i a f l i g h t muscle, as described i n the 
M a t e r i a l s and Methods, c o n s i s t mainly of fragments of SR (COSSINS, 
1974). The e x t r a c t i o n step w i t h 0.6M KCl y i e l d e d a microsomal 
p r e p a r a t i o n b e l i e v e d t o be f r e e o f actomyosin f o r t h i s h igh c o n c e n t r a t i o n 
o f KCl dissolves actomyosin but does not e f f e c t SR p r o t e i n (MARTONOSI, 
1968; INESI, 1970). However, the p o s s i b i l i t y t h a t there may be 
sarcoleramal and m i t o c h o n d r i a l contamination cannot be r u l e d out. 
Time course of ATP h y d r o l y s i s 
Mg 2 +-dependent ATPase was determined i n an i n c u b a t i o n medium 
co n t a i n i n g 3mM MgCl 2 and 0.5mM EGTA, and C a 2 + + Mg2+-ATPase ( t o t a l 
ATPase i n an in c u b a t i o n medium c o n t a i n i n g 0.5mM Ca-EGTA ( f r e e Ca 2 + = 
3.19 x 10~ 6) i n a d d i t i o n t o 3mM MgCl,,. Pairs o f tubes, experimental 
and blank, were incubated f o r d i f f e r e n t periods of time (0-30 min.) 
a t 30°C. The b u f f e r system used was 25mM B i s - T r i s propane (pH 7.6) 
and 3mM Tris-ATP used as sub s t r a t e . The r e s u l t s are shown i n 
Figure 5.3. I t can be seen t h a t the a c t i v i t y o f Ca 2 + - Mg2+-ATPase, 
C a 2 + - s t i m u l a t e d ATPase and Mg 2 +-dependent ATPase are l i n e a r w i t h time 
over the 30 min p e r i o d s t u d i e d . I n a l l subsequent studies incubations 
were run r o u t i n e l y f o r 20 minutrs o n l y . 
E f f e c t of pH on ATPase a c t i v i t y 
The basic i n c u b a t i o n medium consisted of lOOmM KCl, 75mM sucrose, 
0.5mM EGTA and 3mM Tris-ATP. Two d i s t i n c t b u f f e r systems were used 
t o t e s t the dependence o f the enzyme on pH and t o e s t a b l i s h the optimum 
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Figure 5.2. The relationship between C a z concentration 
and free C a 2 + concentration at pH 7.6 and 
pH 7.1 at 30°C. 
a. a t pH 7.6 
The EGTA concentration was 0.5mM and ££app 
was taken to be l o 7 " 5 9 = 4.87 x 10 7 (see 
Appendix 5.3). 
b. at pH 7.1 
The EGTA concentration was ImM and Kapp 





















Figure 5.3. E f f e c t o f time on the h y d r o l y s i s o f ATP by 
SR-ATPase from Locusta n i g r a t o r i a f l i g h t 
muscle. 
The c o n d i t i o n o f i n c u b a t i o n and the composition 
of the r e a c t i o n media are f u l l y described i n 
the t e x t . 
Ordinate: ATPase a c t i v i t y (nmole P i l i b e r a t e d . 
mg p r o t e i n - 1 , m i n u t e - 1 ) 
Abscissa: Time (mins) 
© T o t a l (Ca 2 + - Mg 2 +)-ATPase 
A Ca 2 +-stimulated-(Mg 2 +-dependent)-ATPase 
H Mg 2 +-dependent ATPase 
I I I I I 
8 8 8 8 8 O (D CM 00 tO CN »— 
[-UIIJU'^uiajojd 6wpejDjeq!) id sepuu u 
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Figure 5.4a. E f f e c t of pH on the a c t i v i t y of SR-ATPase 
extracted from Locusta migratoria f l i g h t muscle. 
The data were obtained i n the presence (#) and 
absence (•) of 3.19 x 10"6M free C a 2 + . 
The stimulation due to the presence of C a 2 + (A) 
represents the difference between {•) and (•). 
Typical experiment representative of four 
separate experiments (see Appendix 5.4a for 
mean ± S.E.M.). 
Ordinate: ATPase a c t i v i t y (nmole P i liberated. 
mg p r o t e i n " 1 , minute - 1 
Abscissa: pH 
A B i s - T r i s propane/HCl buffer system was used. 
D Mg2+-dependent ATPase 
A Ca 2 +-stimulated-(Mg 2 +-dependent)-ATPase 
© T o t a l - ( C a 2 + + Mg 2 +)-ATPase 
Figure 5.4b. E f f e c t of pH on the a c t i v i t y of SR-ATPase 
extracted from Locusta migratoria f l i g h t muscle. 
Details are as given i n Figure 5.4a except that 
imidazole/HCl was the buffer system used. 
Typical experiment representative of four 
separate experiments (see Appendix 5.4b for 
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c o n d i t i o n s f o r f u t u r e study. These were e i t h e r 25mM imidazole/HCl 
( t o provide a pH range from 6.5 t o 8) or 25mM B i s - T r i s propane/HCl 
(t o provide a pH range from 6 t o 9 ) . Mg 2 +-dependent ATPase was 
determined i n s u i t a b l y b u f f e r e d i n c u b a t i o n media (basic) c o n t a i n i n g 
3mM MgCl 2. T o t a l ATPase a c t i v i t y was determined i n s u i t a b l y b u f f e r e d 
(basic) i n c u b a t i o n media c o n t a i n i n g 3mM MgCl 2 and 0.5mM CaCl 2-
Although changes i n pH induce changes i n the f r e e c o n c e n t r a t i o n of Ca 2 + 
and Mg 2 + (AMOS e t a l . , 1976), no attempt was made t o compensate f o r 
t h i s f a c t . Figures 5.4a and b (see also Appendix 5.4) show the 
r e l a t i o n s h i p between Mg 2 +-dependent ATPase, t o t a l ATPase and Ca 2 +-
st i m u l a t e d ATPase a c t i v i t y and pH. The pH optimum was approximately 
7.6 f o r t o t a l ATPase and C a 2 + - s t i m u l a t e d ATPase i r r e s p e c t i v e of the 
b u f f e r system used. S i m i l a r l y , maximal a c t i v i t y of t o t a l ATPase and 
C a 2 + - s t i m u l a t e d ATPase was l i t t l e a f f e c t e d by the b u f f e r used. Mg 2 +-
dependent a c t i v i t y , on the other hand, showed l i t t l e change over the 
pH range s t u d i e d . 
E f f e c t o f MgCl? con c e n t r a t i o n on ATPase a c t i v i t y 
Mg 2 +-dependent ATPase and t o t a l ATPase a c t i v i t i e s were assayed 
as described p r e v i o u s l y except t h a t the MgCl 2 concentration was v a r i e d 
2 + 
between 0-12mM. The r e l a t i o n s h i p s between Mg concentration and ATPase 
a c t i v i t i e s are shown i n Figure 5.5. (see also Appendix 5.5). L i t t l e or 
2 + 
no ATPase a c t i v i t y was demonstrated i n the absence of Mg . A marked 
increase i n s p e c i f i c a c t i v i t y o f Mg 2 +-dependent ATPase, t o t a l ATPase 
9-4- 2+ 
and Ca """-stimulated ATPase was observed by the i n c l u s i o n of Mg ; 
maximal ATPase a c t i v i t i e s being obtained between 1.5-3mM MgCl 2 (see 
F i g . 5.5 and also Appendix 5.5). Reference t o Figure 5.5 and Appendix 
2 + 
5.5 shows t h a t i n c r e a s i n g Mg con c e n t r a t i o n f u r t h e r r e s u l t e d i n a 
decrease i n the s t i m u l a t e d l e v e l o f ATPase a c t i v i t i e s . Thus maximal 
C a 2 + - s t i m u l a t e d ATPase a c t i v i t y was reduced by ca. 72% when MgCl 2 
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Figure 5.5. E f f e c t of Mgz concentration on the a c t i v i t y of 
SR-ATPase extracted from Locusta migratoria f l i g h t 
muscle. 
The data were obtained i n the presence (©) and 
absence (B) of 3.19 x 10~6M free C a 2 + concentration. 
The stimulation due to C a 2 + (A) represents the 
difference between (@) and (ffl) . 
Typical set of data representative of f i v e 
separate experiments (see Appendix 5.5 for mean ± 
S.E.M.). 
Ordinate: ATPase a c t i v i t y (nmole P i liberated. 
mg protein"*. minute" 1 
Abscissa: Mg 2 + concentration (mM) 
M Mg2+-dependent ATPase 
A Ca 2 +-stimulated-(Mg 2 +-dependent)-ATPase 
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c o n c e n t r a t i o n was increased t o 12mM. S i m i l a r reductions i n the 
s p e c i f i c a c t i v i t y o f t o t a l ATPase and Mg 2 +-dependent ATPase were 
observed (ca. 64%). The maximal l e v e l o f C a 2 + - s t i m u l a t e d ATPase 
a c t i v i t y represented ca. 61% of t o t a l ATPase a c t i v i t y . 
E f f e c t o f f r e e Ca 2 + c o n c e n t r a t i o n on ATPase a c t i v i t y 
Mg 2 +-dependent ATPase a c t i v i t y was assayed i n i n c u b a t i o n media 
i n which the f r e e C a 2 + c o n c e n t r a t i o n was v a r i e d between 0 -1.50 x 10" 
by means o f a Ca-EGTA b u f f e r system. The r e s u l t s obtained i n a t y p i c a l 
experiment are shown i n Figure 5.6 (see also Appendix 5.6). The ATPase 
a c t i v i t y e x h i b i t e d a hi g h s e n s i t i v i t y t o f r e e Ca 2 + c o n c e n t r a t i o n . 
Maximal a c t i v i t y ( i . e . t o t a l ATPase a c t i v i t y ) was observed a t 
3.19 x 10 - 6M. Incre a s i n g the f r e e Ca 2 + c o n c e n t r a t i o n above t h i s l e v e l 
r e s u l t e d i n a r e d u c t i o n i n the s t i m u l a t e d l e v e l of a c t i v i t y (see 
Fi g . 5.6). At maximal a c t i v i t y the C a 2 + - s t i m u l a t e d ATPase represented 
more than 70% of the t o t a l a c t i v i t y present. 
E f f e c t o f ATP con c e n t r a t i o n on ATPase a c t i v i t y 
The e f f e c t of ATP concentration on enzyme a c t i v i t y was measured 
—6 2+ 
by i n c u b a t i n g the membrane p r e p a r a t i o n w i t h 3.19 x 10 M f r e e Ca , 
25mM B i s - T r i s propane/HCl (pH 7.6), lOOmM KC1, 75mM sucrose and 
various concentrations o f ATP ( T r i s s a l t ) over the range o f 0.05 - 3mM. 
Figure 5.7 shows the r e l a t i o n s h i p between t o t a l ATPase, Ca - s t i m u l a t e d 
ATPase and Mg 2 +-dependent ATPase a c t i v i t i e s and ATP concentrations f o r a 
t y p i c a l s et o f data. A Lineweaver-Burk p l o t of such data i s shown 
i n Figure 5.8. Such p l o t s were used i n c a l c u l a t i n g the apparent 
2+ 
MichaeliS Constant (Km) and Vmax f o r t o t a l ATPase, Ca -s t i m u l a t e d 
ATPase and Mg 2 +-dependent ATPase (Table 5.1). The r e s u l t s show t h a t 
i n the presence o f Ca 2 + Vmax increased s u b s t a n t i a l l y . Furthermore, 
the values f o r Km i n d i c a t e t h a t i n the presence of Ca 2 + there i s an 
increased enzyme a f f i n i t y f o r ATP. 
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Flfug® 5,6o 8£feet of free Ca 2* concentration ok fchs a c t i v i t y 
of SR~&TPaa© ssfciracted fgoa kocusta n&gratoria 
f l i g h t muscle. 
The data war® obtained i n the pr©s©nc© of Mf2-4" (®) 
and Ce 2* + i f f 2 * (©). The sag2"4" concentration was 
3fo§3 throughout o 
' E p i c a l esperiaent representative of f i v e 
separate experiments (see Appendix 5.6=. ± S.E.M.). 
Ordinates ATPase a c t i v i t y (nmole P i liberated. 
ag protein'*<> minute" 1 
Abscissa: negative logarithm of free Ca 2* 
concentration (N). 
The free C a 2 + concentration was calculated from 
Figure 5.2a. 
© Mg2*-dependent ATPase 
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Figure 5.7. E f f e c t of ATP concentration on the a c t i v i t y of 
SR-ATPase extracted from Locusta migratoria 
f l i g h t muscle. 
The data were obtained i n the presence (®) and 
absence (®) of 3.19 x 10"6M free C a 2 + . The 
stimulation due to C a 2 + (A) represents the 
difference between (©) and (B) . 
Typical experiments representative of s i x 
separate experiments. 
Ordinate: ATPase a c t i v i t y (nmole P i mg protein 
minute - 1) 
Abscissa: ATP concentration (mM) 
gj Mg2+-dependent ATPase 
A Ca 2 +-stimulated-(Mg 2 +-dependent)-ATPase 
• Total ( C a 2 + + Mg 2 +)-ATPase 














Figure 5.8. Lineweaver-Burk plot of SR-ATPase a c t i v i t y as 
function of ATP concentration. 
The data were obtained i n the presence (H) and 
absence (©) of 3.19 x 10"6M free C a 2 + . The 
stimulation due to C a 2 + (A) represents the 
difference between (S) and (®). 
Ordinate: reciprocal of ATPase a c t i v i t y 
(nmole Pi liberated, mg p r o t e i n - 1 
minute - 1) x 10" 3 
Abscissa: reciprocal of ATP concentration (mM) 
$ Mg2+-dependent ATPase 
A Ca 2 +-stimulated-(Mg 2 +-dependent)-ATPase 


























u (U rH 
u U 
•H in 
s g (0 B 














-H IT) a > id 
X p 
id U) 3 
> o 0 
a 
0 
a M 2 
O o O 
c • • 0) •H m 00 O 
ID LO r- r-
Q p CN ro 
M 1 +1 +1 +1 
o* a •H O O O 
X g> a id a CM o CM a > •H m P. CM 1—1 
cn CO 
• in 
s O o O • • f W o O O 
1 
w -H +1 +l 
;» i +i CI O 
CM r-
cn • • • 
O o O 
a v£> 10 
01 
Ul 
« Is 01 
0) < Ul 
Ul id 
id ,—, ft 0. + E-" EH CM <C 
< id 
u -d P o> C + P o> id 
•d + rH c CM o> Cn a ft S •H 0) — P 
T3 Ul 
1 1 + id + CM P CM Cn 0 id 
S E-i u 
164 
Changes i n sarcoplasmic reticulum microsomal protein content of 
f l i g h t muscle during development 
The amount of sarcoplasmic reticulum microsomal protein per 
animal ( i . e . ug protein, t h o r a x - 1 ) was calculated from protein 
determinations carried out on the microsomal preparation used to 
measure ATPase a c t i v i t y during development (see Materials and Methods). 
The assumption has been made that the amounts of sarcoplasmic reticulum 
microsomal protein extracted from the f l i g h t muscles i s a guide to 
the actual amount of sarcoplasmic reticulum protein present i n the 
i n t a c t muscle. The results obtained are shown i n Figure 5.9. I t can 
be seen that the amount of sarcoplasmic reticulum protein increased 
with age. The overall increase being approximately 4~f°ld from the 
9th day of 5th instar (20 animals being used, 10 males + 10 females) 
to the 8th day of adult l i f e . 
Developmental changes i n ATPase a c t i v i t y of SR extracted from Locusta 
f l i g h t muscle 
Mg2+-dependent ATPase, t o t a l ATPase and Ca 2 +-stimulated ATPase 
a c t i v i t i e s were determined during f l i g h t muscle development. The 
study was carried out over the period from 9th day of 5th i n s t a r to 
8th day of adult l i f e . Tris-ATP and Mg 2 + concentration (3mM) were 
kept i n proportion of 1:1 i n t h i s series of experiments. The 
relationships between the specific a c t i v i t i e s of Mg2+-dependent 
ATPase, t o t a l ATPase and Ca 2 +-stimulated ATPase and age are shown i n 
Figure 5.10. I t can be seen that t o t a l ATPase a c t i v i t y increased 
gradually from the 9th day of 5th instar (764.30 ± 84.99 nmoles Pi 
liberated mg p r o t e i n - 1 minute - 1) to 6-day old adults (2303.24 ± 299.89 
nmoles Pi liberated rag protein'" 1 minute - 1) and then levelle d o f f . The 
ove r a l l increase was approximately 3-fold. 
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Figure 5.9. Effect of age on the amount of SR microsomal 
protein per thorax. 
The data were calculated from the protein 
determination made on the microsomal 
preparations used to study developmental 
changes i n ATPase a c t i v i t y . 
Ordinate: protein concentration (ug 
microsomal protein, thorax - 1) 
Abscissa: Age i n days 
The figures i n parentheses indicate the 
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Figure 5.10. The developmental changes i n the a c t i v i t y 
of SR-ATPase from Locusta migratoria 
f l i g h t muscle. 
The incubation conditions were similar 
to those described i n Figure 5.5. except 
that Tris-ATP and Mg 2 + concentration (3mM) 
were kept i n proportion of 1:1. 
Ordinate: ATPase a c t i v i t y (nmole Pi 
liberated p r o t e i n " 1 . minute" 1) 
Abscissa: Age (days) 
The numbers i n brackets on the Figure indicate 
the number of experiments. 
O Total (Ca 2 + + Mg2+)-ATPase 
A Ca 2 +-stimulated (Mg2+-dependent)-ATPase 
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No change i n specific a c t i v i t y of Ca2 -stimulated ATPase was 
observed between the 9th day of 5th instar and the 1st day of adult 
l i f e . However, Ca 2 +-stimulated ATPase a c t i v i t y increased gradually 
from 1st day of adult l i f e to 6-day old adults and then levelled o f f . 
The ov e r a l l increase was similar to that of t o t a l ATPase. The specific 
a c t i v i t y of the Ca 2 +-stimulated ATPase represented ca. 70% of the 
t o t a l ATPase a c t i v i t y of the 6-day old adult locusts, compared with a 
value of approximately 44% i n 1-day old adult animals. 
In contrast to the developmental changes described above, the 
mean Mg2+-dependent ATPase (basal ATPase) a c t i v i t y showed no s i g n i f i c a n t 
change i n a c t i v i t y over the period studied. However, t h i s may be due 
to the large standard errors encountered. 
Intramitochondrial a-glycerophosphate dehydrogenase a c t i v i t y during 
development 
The a b i l i t y of Locusta migratoria f l i g h t muscle mitochondria to 
oxidize a-glycerophosphate was determined over a range of substrate 
concentrations (0-54mM) i n the presence and absence of MgCl2 and CaCl2. 
The mitochondria used were isolated from either 9-day old 5th instar 
larvae, 2-day old or 9-day old adults. The results obtained are 
shown i n Figures 5.11a,b and c and Table 5.2. Reference to Table 5.2 
shows that the e f f e c t of the two cations i s dependent on substrate 
concentration. Thus i n the presence of 20mM a-glycerophosphate, the 
dehydrogenase a c t i v i t y was comparable irrespective of whether Ca 2 + or 
Mg 2 + were included i n the reaction media or not. At t h i s substrate 
concentration a-glycerophosphate dehydrogenase a c t i v i t y increased 
approximately 5.7-fold between the 9th day of 5th instar (ca. 2.4ug Ao 
mg p r o t e i n - 1 hour - 1) and the 9th day of adult l i f e (ca. 14yg Ao 
mg p r o t e i n - 1 h o u r - 1 ) . In contrast, at low substrate concentration 
(3.3mM) a l l o s t e r i c stimulation by Ca 2 + i s clear l y demonstrated (see 
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Figures 5.11a,b and c. Effect of Ca 2 +, Mg 2 + and substrate 
concentration on the a c t i v i t y of a-glycerophosphate 
dehydrogenase from Locusta migratoria f l i g h t 
muscle mitochondria. 
a-glycerophosphate was varied between 0 and 54mM. 
Free Ca 2 + concentration (1.43 x 10~5M) was 
calculated from Figure 5.2b. Incubation condition 
i s described i n the t e x t . a,b and c are t y p i c a l 
r e s u l t s , representative f o r three experiments 
(see Appendix 5.8a,b and c ) . 
a. 9-day o l d of 5th instar larvae 
b. 2-day old adult 
c. 9-day old adult 
Ordinate: a-glycerophosphate dehydrogenase a c t i v i t y 
(tig AO. mg p r o t e i n - 1 , hour - 1) 
Abscissa: a-glycerophosphate concentration { s } 
^ medium containing Ca^ 
• medium containing Mg 2 + 
2+ 
O medium lacking Ca + Mg 
pgAO mg protein"1 hi" 1 
N> U) r-
ugAO mg protein-! h H 
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Table 5.2 and F i g s 5.11a,b and c ) . I n a d d i t i o n , i t can be seen t h a t 
i n the presence of C a 2 + higher c o n c e n t r a t i o n s of a-glycerophosphate 
r e s u l t i n a ver y s l i g h t d e c l i n e i n the maximal l e v e l of dehydrogenase 
a c t i v i t y . When Mg 2 + was s u b s t i t u t e d f o r C a 2 + no a l l o s t e r i c s t i m u l a t i o n 
of a-glycerophosphate dehydrogenase a c t i v i t y was observed ( F i g . 11a,b and c ) . 
No d i f f e r e n c e s i n the a l l o s t e r i c e f f e c t of C a 2 + on a-glycerophosphate 
o x i d a t i o n were demonstrated a t the v a r i o u s ages s t u d i e d ; Ca* s t i m u l a t e d 
a-glycerophosphate dehydrogenase i n a s i m i l a r manner ( F i g s 5.11a,b and c ) . 
D i s c u s s i o n 
The presence o f a Mg ^ -dependent ATPase ( b a s a l ATPase), C a 2 + + Mg 2 +-
ATPase ( t o t a l ATPase) and C a ^ - s t i m u l a t e d ATPase ( e x t r a ATPase) have 
been demonstrated i n microsomal p r e p a r a t i o n s from SR of L o c u s t a 
m i g r a t o r i a f l i g h t muscle. S i m i l a r enzymes have been r e p o r t e d i n SR 
from s k e l e t a l muscle of v a r i o u s animals (see I n t r o d u c t i o n ) . The p r e s e n t 
r e s u l t s are c o n s i s t e n t with those observed by VOLMER (1978), who 
rep o r t e d t h a t the t o t a l ATPase a c t i v i t y from Lo c u s t a f l i g h t muscle 
showed no marked d i f f e r e n c e s t o the enzyme prepared from r a b b i t 
s k e l e t a l muscle (MacLENNAN, 1970) wi t h r e g a r d to the e f f e c t of v a r i o u s 
c a t i o n s and pH on the a c t i v i t y . 
I n the p r e s e n t study, the c o n c e n t r a t i o n of Mg 2 + e f f e c t i n g maximal 
s t i m u l a t i o n , i n the presence of 0.5mM Ca-EGTA ( f r e e C a 2 + = 3.19 x 10~6M) 
and 3mM Tris-AT P , was 2.25 + 0.34 (n = 6 ) . T h i s Mg 2 + c o n c e n t r a t i o n 
i s s i m i l a r t o t h a t r e p o r t e d by YAMAMOTO and TONOMURA (1967), working 
with SR from r a b b i t d o r s a l muscle. They showed t h a t ATPase a c t i v i t y was 
not a f f e c t e d by i n c r e a s i n g the Mg 2 + c o n c e n t r a t i o n from 0.5mM to 5mM 
and r o u t i n e l y used 3mM Mg 2 + i n t h e i r s t u d i e s . Somewhat hi g h e r 
c o n c e n t r a t i o n s have been reported elsewhere; MacLENNAN (1970) observed 
maximal a c t i v i t y of p u r i f i e d c h i c k e n s k e l e t a l muscle ATPase w i t h 5mM 
Mg 2 +. VOLMER (1978) and WIERICHS e t a l . (1980) reported maximal 
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a c t i v i t y i n the presence of lOmM Mg with ATPase from Locusta 
f l i g h t muscle and pig heart muscle, respectively. The differences i n 
2+ 
the Mg concentration, which are required to achieve maximal a c t i v i t y , 
may possibly be accounted for by differences i n methods of preparation. 
The l a t t e r has been shown to greatly influence the cation concentration 
w i t h i n a given membrane f r a c t i o n . For example, CAMPBELL et a l . (1980) 
have shown that " l i g h t " and "heavy" vesicles isolated from SR of 
rabbit contain very d i f f e r e n t concentrations of Ca 2 + per un i t weight 
of protein. However, KCl washing reduced the Ca 2 + i n both preparations 
to the same (very much lower) l e v e l . Mg 2 + concentration was s i m i l a r l y 
reduced by KCl washing. MacLENNAN and HOLLAND (1976) have reported 
that the response of Ca 2 +-sensitive ATPase (extra ATPase) to Ca 2 +, 
Mg 2 + and ATP concentration i n the medium i s complex; the concentration 
of each of these three components influences the e f f e c t of the other 
two components on the ove r a l l reaction. I t i s clear, therefore, that 
the more p u r i f i e d preparations contain lower Mg 2 + and Ca 2 + concentrations 
and that t h i s may, i n t u r n , e f f e c t the levels of Mg 2 + and Ca 2 + required, 
i n v i t r o , to a f f e c t maximal stimulation. This could well explain the 
differences i n the optimal l e v e l of Mg 2 + reported by VOLMER (1978) 
using p u r i f i e d SR preparation and those obtained i n the present study. 
Unlike Mg2+-dependent ATPase, the Ca 2 + + Mg2+-ATPase ( t o t a l 
ATPase a c t i v i t y ) require Ca + f o r ac t i v a t i o n . The Ca 2 + concentration 
giving maximal a c t i v i t y , i n the presence of 3mM Mg 2 + and ATP, was 0.5mM 
Ca-EGTA (free Ca 2 + = 3.19 x 10 - 6M). This i s i n good agreement with values 
of 5 x 10~6M free Ca 2 + reported by VOLMER (1978) i n Locusta f l i g h t 
muscle. Somewhat, lower free Ca 2 + concentrations have been reported 
elsewhere; HASSELBACH et a l . (1970) obtained maximal a c t i v i t y of 
Ca 2 +-stimulated ATPase of rab b i t skeletal muscle i n the presence of 
4 x 10"7M Ca 2 + whilst WIERICHS et a l . (1980) reported maximal t o t a l 
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ATPase a c t i v i t y with pig heart SR preparation at 4.8 x 10" M Ca2 . 
MARTONOSI and FERETOS (1964b) observed that the Ca 2 + concentration 
required for optimal activation of t o t a l ATPase from r a t skeletal 
muscle, i n the presence of 0.1M KC1, 4-5mM ATP and 4-5mM Mg 2 + was 
about 5 x 10~ 6 to 5 x 10~5M. Similar free Ca 2 + concentrations 
have been reported for the p u r i f i e d ATPase from rabbit skeletal 
muscle (MacLENNAN, 1970; M0LLER et a l . , 1980) and microsomes from 
the SR of freshwater crayfish muscle (COSSINS, 1974). INESI et a l . 
(1970) have shown that the free Ca 2 + concentration required to give 
maximal incorporation of ATP terminal phosphate i n t o SR of rabbit 
hind-leg white muscle and Ca 2 +-stimulated ATPase a c t i v i t y was 
id e n t i c a l (Km = 1 x 10"7M). They suggest, therefore, that t h i s 
s i m i l a r i t y indicates that a phosphate-membrane complex i s an 
intermediate i n the mechanism of Ca2+-dependent ATP hydrolysis 
(YAMAMOTO and TONOMURA, 1967; MARTONOSI, 1967). 
The pH optimum of t o t a l ATPase and Ca 2 +-stimulated ATPase was 
observed at approximately pH 7.6 irrespective of whether imidazole/HCl 
or Bis-Tris propane/HCl buffer systems were used. Similar pH optima 
i n the ranges of pH 7.4-7.6 have been reported elsewhere; Locusta 
f l i g h t muscle (VOLMER, 1978) and rabbit skeletal muscle (YAMAMOTO and 
TONOMURA, 1967; MacLENNAN, 1970). In contrast to t o t a l ATPase and 
Ca 2 +-stimulated ATPase, Mg2+-dependent ATPase a c t i v i t y was l i t t l e 
affected by pH over the range studied. YAMAMOTO and TONOMURA (1967) 
showed that rabbit skeletal muscle Mg2+-ATPase exhibited optimum pH 
at 5.9, below the lowest pH examined i n the present study. The rol e 
played by Mg2+-dependent ATPase i n Ca 2 + transport a c t i v i t y i s uncertain 
as indeed i s the nature and source of t h i s enzyme. YAMAMOTO and 
TONOMURA (1967) showed that Mg2+-dependent ATPase was not affected 
by specific i n h i b i t o r s of Ca 2 +-stimulated ATPase such as 
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n-ethylmaleimide, but that I t was Inhi b i t e d by Mg -dependent ATPase 
i n h i b i t o r s , such as azide, oligomyosin and high concentration of 
2,4-dinitrophenol (FERNANDEZ et a l . , 1980). I n addition, the Mg2+-
dependent ATPase was completed abolished when SR membranes were 
solubilized by cholate, deoxycholate and Tri t o n X-100 (YAMAMOTO and 
TONOMURA, 1967; WALTER and HASSELBACH, 1973; McFARLAND and INESI, 1970: 
FERNANDEZ et a l . , 1980). Such studies indicate that the Mg2+-dependent 
ATPase remains insoluble i n detergents, whereas most of the SR protein 
and phospholipid i s sol u b i l i z e d i n the non-ionic detergent T r i t o n X-100 
(FERNANDEZ et a l . , 1980). These researchers also reported that a l l 
Ca 2 +-stimulated ATPase a c t i v i t y was associated with the soluble f r a c t i o n 
of the heavy and intermediate fractions which sedimented i n discontinuous 
2 + 
sucrose density gradient and displayed high Ca -uptake a c t i v i t y . 
Furthermore, the insoluble fractions were devoid of the 100,000 dalton 
polypeptide, which i s known to be associated with the Ca 2 +-transporting 
ATPase, and contains high levels of the mitochondrial enzyme, cytochrome 
oxidase. The a c t i v i t y of the l a t t e r enzyme, which suggests mitochondrial 
contamination, has been demonstrated i n microsomal fractions from SR of 
Locusta f l i g h t muscle (VOLMER, 1978). BOLLAND et a l . (1974) have 
reported that the Mg2+-dependent ATPase, which i s associated with the 
membrane f r a c t i o n of chicken skeletal muscle, can be separated from 
2+ 
the Ca -transporting elements of SR. They concluded that t h i s ATPase 
(Mg2+-dependent ATPase) may represent an e n t i r e l y independent function 
from that of the Ca 2 + pump. The recent study of FERNANDEZ et a l . (1980) 
referred to above suggested th a t the Mg2+-dependent ATPase i s not an 
i n t r i n s i c enzymatic a c t i v i t y of SR, since the highly p u r i f i e d and 
active SR obtained by Ca2+ phosphate loading i s p a r t i a l l y devoid of 
Ca 2 +-independent ATPase a c t i v i t y . They also suggest that the Mg 2 +-
dependent ATPase originates from mitochondrial contamination (F^ ATPase) 
and other membranes present i n SR preparations. 
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Saturation k i n e t i c s of t o t a l ATPase and Ca^-stimulated ATPase 
2 + 
were carried out at constant Mg concentrations. The Lineweaver-Burk 
p l o t showed a single s t r a i g h t l i n e over the range of Tris-ATP used 
(0.05-3mM). The substrate concentration y i e l d i n g h a l f maximal a c t i v i t y 
(Km) was 0.420 ± 0.028mM and 0.377 ± 0.051mM ATP (n = 6) f o r t o t a l ATPase 
and Ca 2 +-stimulated ATPase, respectively. Similar results have been 
reported elsewhere f o r other tissues (PANET et a l . , 1971; SULAKHE et a l . , 
1973; WALTER and HASSELBACH, 1973). However, HORGON (1974) has shown 
2+ 
that at constant concentrations of Mg the Lineweaver-Burk p l o t of 
2 + 
Ca -stimulated ATPase from rabbit muscle displayed non-linear 
relationships, although a linear relationship was observed when Mg /ATP 
r a t i o was kept at unity. He also noted that the relationships approach 
l i n e a r i t y either i n aged SR or by the addition of small quantities of 
Triton X-100. A biphasic relationship, which corresponds to high 
a f f i n i t y (low Km) and low a f f i n i t y (high Km) of enzyme a c t i v i t y has 
2 + 
been reported by several workers f o r Ca -stimulated ATPase (YAMAMOTO 
and TONOMURA, 1967; INESI et a l . , 1967; COSSINS, 1974; NEET and GREEN, 
1977; M0LLER et a l . , 1980) and other processes associated with i t s 
a c t i v i t y , such as phosphorylation of SR with the terminal phosphate of 
ATP (INESI et a l . , 1970), and Ca 2 +-uptake by rabbit skeletal muscle SR 
(INESI et a l . , 1967; WEBER et a l . , 1966). MEISSNER (1973) has shown 
that solubilized ATPase gives a single s t r a i g h t l i n e , giving a Km 
value at 16ym, whereas "vesicular" ATPase shows a biphasic relationship. 
I t was thought that the high a f f i n i t y and low a f f i n i t y properties may 
represent two enzyme systems, but the studies of YAMAMOTO and TONOMURA 
(1967) have shown a remarkable s i m i l a r i t y i n the biochemical properties 
of the two systems. These properties include the dependency of ATPase 
on pH, the Ca2+-uptake/ATP hydrolysis r a t i o s , n-ethylmaleimide 
i n h i b i t o r and temperature. I n addition COSSINS (1974) has shown that 
the mean Arrhenius a c t i v a t i o n energy of the high and low a f f i n i t y 
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a c t i v i t i e s were i d e n t i c a l . These r e s e a r c h e r s concluded t h a t the high 
and low a f f i n i t y of t h i s enzyme a r e a t t r i b u t e d to a s i n g l e enzyme and 
t h a t high ATP c o n c e n t r a t i o n a c t s upon the enzyme, not only as a 
s u b s t r a t e (Mg-ATP) but a l s o as a r e g u l a t o r c o n t r o l l i n g the s u b s t r a t e -
b i n d i n g and r a t e of decomposition o f the phosphorylated enzyme. T h i s 
c o n c l u s i o n has been confirmed by s e v e r a l workers with p r e p a r a t i o n s 
capable of accumulating C a 2 + (see review by BOYER and ARIKI, 1980). 
There a r e c o n f l i c t i n g r e p o r t s i n the l i t e r a t u r e concerning the 
c o n c e n t r a t i o n s of s u b s t r a t e r e q u i r e d to e f f e c t a c t i v a t i o n of the r a t e 
of P i formation. S e v e r a l workers have shown a c t i v a t i o n above 
1 x lO_t*M ATP (HORGAN, 1974; NEET and GREEN, 1977; DUPONT, 1977; M0LLER 
e t a l . , 1980), whereas o t h e r s have shown a much lower c o n c e n t r a t i o n 
f o r a c t i v a t i o n , of the order of 3 x 10" 5M (YAMAMOTO and TONOMURA, 
1967; KANAZAWA e t a l . , 1971; PANET e t a l . , 1971; VIANNA, 1975; YATES 
and DUANCE, 1976). COSSINS (1974) study showed a c t i v a t i o n above 
0.5mM ATP, and suggested t h a t t h i s p r o p e r t y may have a p h y s i o l o g i c a l 
advantage i n v i v o changing the a c t i v i t y of the enzyme according to the 
a v a i l a b i l i t y of s u b s t r a t e . However, the f u n c t i o n of t h i s phenomena 
i n L o c u s t a SR-ATPase i s u n c e r t a i n f o r the l e v e l of ATP, although i t s 
d i s t r i b u t i o n i s t o t a l l y unknown i n muscle cells(BYGRAVE, 1967), does 
not change s i g n i f i c a n t l y between r e s t and f l i g h t (up to 2 hours) being 
approximately 5.05 ± 0.44 umole g f r e s h w e i g h t - 1 (WORM and BEENAKKERS, 
1980). 
Developmental changes i n the amount of SR p r o t e i n and the s p e c i f i c 
a c t i v i t y of t o t a l ATPase, Mg 2 +-dependent ATPase and C a 2 + - s t i m u l a t e d 
ATPase of SR microsomes, e x t r a c t e d from L o c u s t a f l i g h t muscle, were 
s t u d i e d i n the l a t e days of the 5th i n s t a r and the f i r s t week a f t e r the 
f i n a l e c d y s i s . The amount of SR microsomal p r o t e i n i n c r e a s e d 
approximately 4 - f o l d over t h i s p e r i o d . T h i s r e s u l t i s c o n s i s t e n t w i t h 
the u l t r a s t r u c t u r a l changes r e p o r t e d e a r l i e r (Chapter 3 ) . I t has been 
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shown t h a t the development of f l i g h t muscle was accompanied by changes 
i n the amount of SR between m y o f i b r i l s . S i m i l a r o b s e r v a t i o n s have been 
r e p o r t e d i n c h i c k e n s k e l e t a l muscle (MARTONOSI e t a l . , 1972; HOLLAND 
e t a l . , 1974; MARTONOSI e t a l . , 1980), where i t was shown t h a t the 
i n c r e a s e i n SR p r o t e i n i s r e f l e c t e d by an i n c r e a s e i n d e n s i t y and a 
d e c l i n e i n the p h o s p h o l i p i d : p r o t e i n r a t i o . However, RICHARD e t a l . 
(1971) r e p o r t e d t h a t the p r o t e i n c o n c e n t r a t i o n of SR from S c h i s t o c e r c a 
g r e g a r i a f l i g h t muscle decreased during the l a s t day of 5th i n s t a r 
and remained more or l e s s c o n s t a n t i n the a d u l t animals. S i m i l a r l y , 
HOLLAND and PERRY (1969) have shown t h a t the p r o t e i n c o n c e n t r a t i o n of 
crude SR from r a b b i t Longissimus d o r s i muscle decreased during 
development t o the a d u l t v a l u e . 
The C a 2 + - t r a n s p o r t i n g enzyme of v a r i o u s s k e l e t a l muscles i s 
r e p o r t e d to have a molecular weight of c a . 100,000 on the b a s i s of 
p o l y a c r y l a m i d e g e l e l e c t r o p h o r e s i s (MARTONOSI and HALPIN, 1971; 
MacLENNAN, 1970; MacLENNAN e t a l . , 1971; BOLLAND e t a l . , 1974; 
MARTONOSI e t a l . , 1980) and c o n s t i t u t e s 60-80% of the p r o t e i n content 
of SR i s o l a t e d from a d u l t animals (MARTONOSI and HALPIN, 1971; 
MacLENNAN and HOLLAND, 1976; TADA e t a l . , 1978). The p r o t e i n 
composition of e x t r a c t e d SR microsomes from d i f f e r e n t ages of c h i c k e n 
s k e l e t a l muscle during development shows a number of p r o t e i n bands 
(MARTONOSI e t a l . , 1972, 1980; BOLLAND e t a l . , 1974). The M p r o t e i n , 
which has been i d e n t i f i e d i n r a b b i t s a r c o p l a s m i c r e t i c u l u m w i t h 
C a 2 + - t r a n s p o r t i n g ATPase (MARTONOSI, 1969; MacLENNAN e t a l . , 1972), 
r e p r e s e n t s a minor component during embryonic development of c h i c k e n 
but i n c r e a s e s i n c o n c e n t r a t i o n to c a . 60-70% of the microsomal 
p r o t e i n i n the a d u l t . MARTONOSI e t a l . (1980) r e p o r t e d t h a t the C a 2 + 
ATPase content i n c r e a s e d more than 2 o - f o l d during c h i c k e n development. 
I n a d d i t i o n , TILLACK e t a l . (1974) and MARTONOSI e t a l . (1980) 
r e p o r t e d t h a t the sharp i n c r e a s e s i n C a 2 + - t r a n s p o r t and C a 2 + - s e n s i t i v e 
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ATPase a c t i v i t y (MARTONOSI e t a l . , 1972; BOLLAND e t a l . , 1974; 
MARTONOSI e t a l . , 1980) i n c h i c k e n s k e l e t a l muscle development were 
accompanied by i n c r e a s e s i n the d e n s i t y of the 75-85A° F r e e z e - e t c h 
p a r t i c l e s . These p a r t i c l e s r e p r e s e n t a c l u s t e r of about four ATPase 
molecules (MARTONOSI et^ a l . , 1980) and r e p r e s e n t a dominant f e a t u r e of 
SR membrane i s o l a t e d from animals, r a b b i t s k e l e t a l and h e a r t muscle 
(DEAMER and BASKIN, 1969; BASKIN and DEAMER, 1969), l o b s t e r abdominal 
muscle (BASKIN, 1971) and c h i c k e n s k e l e t a l muscle (TILLACK e t a l . , 1974). 
The s p e c i f i c a c t i v i t y of C a 2 + - s t i m u l a t e d ATPase and t o t a l ATPase 
i n c r e a s e d approximately 4-fold over the p e r i o d s t u d i e d . S i m i l a r 
developmental changes i n SR f u n c t i o n have been r e p o r t e d i n v a r i o u s 
s k e l e t a l muscle of c h i c k e n i n v i v o (FANBURG e t a l . , 1968; HOLLAND and 
PERRY, 1969; MARTONOSI e t a l . , 1972; BOLLAND e t a l . , 1974; MARTONOSI 
e t a l . , 1980) and i n v i t r o (LOUGH e t a l . , 1972), and r a b b i t (HOLLAND 
and PERRY, 1969). T h i s suggests t h a t most of the p r o t e i n i n c r e a s e 
r e f e r r e d to above i s probably due to Ca 2 +-ATPase i n c r e a s e during SR 
development. 
The p r e s e n t study showed t h a t w h i l s t t h e r e was a p a r a l l e l i n c r e a s e 
i n the a c t i v i t y of t o t a l ATPase and C a 2 + - s t i m u l a t e d ATPase over the p e r i o d 
s t u d i e d (maximum being a t 6-day o l d a d u l t s ) , Mg 2 +-dependent ATPase 
reached maximal a c t i v i t y a t approximately f i n a l e c d y s i s . Other 
r e s e a r c h e r s have r e p o r t e d p a r a l l e l development of the C a 2 + - a c t i v a t e d 
ATPase, M g 2 + - a c t i v a t e d ATPase and t o t a l ATPase i n c h i c k e n s k e l e t a l muscle 
(MARTONOSI e t a l . , 1972; BOLLAND e t a l . , 1974; HOLLAND and PERRY, 1969). 
I n c o n t r a s t , FANBURG e t a l . (1968) and LOUGH (1972) r e p o r t e d t h a t w h i l s t 
t o t a l ATPase a c t i v i t y r o s e s i g n i f i c a n t l y during development, C a 2 + -
s t i m u l a t e d ATPase changed v e r y l i t t l e over the same p e r i o d of c h i c k e n 
development. Maximal C a 2 + - u p t a k e a c t i v i t y i s r e p o r t e d to be c o r r e l a t e d 
w i t h t o t a l ATPase (FANBURG e t a l . , 1968; LOUGH e t a l . , 1972; VOLMER, 
1978) and C a 2 + - s t i m u l a t e d ATPase a c t i v i t y (HOLLAND and PERRY, 1969; 
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MARTONOSI e t a l . , 1972; BOLLAND e t a l . , 1974). The r i s e i n Mg 2 +-
dependent ATPase a c t i v i t y o f SR of Lo c u s t a , which o c c u r r e d much e a r l i e r 
than the i n c r e a s e i n the C a 2 + - s t i m u l a t e d ATPase and t o t a l ATPase 
a c t i v i t i e s , i s i n agreement w i t h the f i n d i n g of HOLLAND and PERRY (1969), 
MARTONOSI e t a l . (1972) and BOLLAND e t a l . (1974) w i t h s k e l e t a l muscle 
of r a b b i t and c h i c k e n . However, a s i n d i c a t e d e a r l i e r i n t h i s d i s c u s s i o n 
Mg 2 +-dependent ATPase a c t i v i t y may be m i t o c h o n d r i a l i n o r i g i n and not 
r e l a t e d to the C a 2 + - t r a n s p o r t i n g system of the SR. 
There i s much d i s c u s s i o n concerning the mechanism whereby ATPase 
f u n c t i o n i n g i s developed and r e g u l a t e d . The o b s e r v a t i o n t h a t Mg 2 +-
dependent ATPase a c t i v i t y reached maximum v a l u e s before C a 2 + - u p t a k e l e a d s 
to the suggestion t h a t the C a 2 + - t r a n s p o r t system c o n s i s t e d of two components, 
the ATPase and a C a 2 + - t r a n s p o r t coupling f a c t o r (HOLLAND and PERRY, 1969). 
According to t h i s suggestion the so c a l l e d "coupling f a c t o r " , may l i n k 
ATPase a c t i v i t y t o C a 2 + - t r a n s p o r t . HOLLAND and PERRY (1969) f u r t h e r 
suggest t h a t "coupling f a c t o r " i s p r e s e n t only i n membranes of f u l l y 
developed SR. The c o r r e l a t i o n between the d e c l i n e i n Mg 2 +-dependent 
ATPase a c t i v i t y during development (HOLLAND and PERRY, 1969; BOLLAND 
e t a l . , 1974), the enhancement of C a 2 + - t r a n s p o r t and the i n c r e a s e i n 
microsomal d e n s i t y l e a d to the suggestion (BOLLAND e t a l . , 1974) t h a t 
the Mg 2 +-dependent ATPase may r e p r e s e n t a p r e c u r s o r of the C a 2 + - t r a n s p o r t 
ATPase which a q u i r e s C a 2 + - s e n s i t i v i t y a t r e l a t i v e l y l a t e s t a g e s i n 
development. Furthermore, they suggest t h a t the h y p o t h e t i c a l c o u p l i n g 
f a c t o r may be a p r o t e i n subunit which l i n k s the v a r i o u s elements of the 
Ca 2 +-pump i n t o a f u n c t i o n i n g complex. An a l t e r n a t i v e e x p l a n a t i o n of 
ATPase f u n c t i o n a l development suggests t h a t the assembly of the t r a n s p o r t 
ATPase i n t o a f u n c t i o n a l enzyme complex may proceed only when the 
p h o s p h o l i p i d and f a t t y a c i d composition of the membranes becomes optimal 
(MARTONOSI e t a l . , 1972; BOLLAND e t a l . , 1974). More r e c e n t l y , MARTONOSI 
e t a l . (1980) have suggested two a l t e r n a t i v e t h e o r i e s t o e x p l a i n the 
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i n c r e a s e i n C a 2 - t r a n s p o r t a c t i v i t y i n developing SR of c h i c k e n 
s k e l e t a l muscle. T h i s i n c r e a s e may a r i s e : ( i ) from the appearance of 
more and more SR i n the c e l l w i t h the c h a r a c t e r i s t i c p r o p e r t i e s observed 
i n f u l l y developed muscle, or ( i i ) t h a t the SR evo l v e s from endoplasmic 
r e t i c u l u m o f myoblasts by the i n s e r t i o n of C a 2 + - t r a n s p o r t ATPase molecules, 
s y n t h e s i s e d on membrane bound polysomes (BOLLAND e t a l . , 1974), i n t o 
the p h o s p h o l i p i d - r i c h endoplasmic r e t i c u l u m membrane. The p r o c e s s of 
2+ 
i n s e r t i o n continues u n t i l the Ca - t r a n s p o r t ATPase of the membrane 
approaches p h y s i c a l s a t u r a t i o n . Furthermore, they i n d i c a t e d t h a t the 
l a t t e r theory i s c o n s i s t e n t w i t h o b s e r v a t i o n s t h a t the d e n s i t y of the 
75-85A° f r e e z e - e t c h p a r t i c l e s , which i s a dominant f e a t u r e of SR 
membrane i s o l a t e d from a d u l t animals (DEAMER and BASKIN, 1961; BASKIN 
and DEAMER, 1969; BASKIN, 1971; TILLACK e t a l . , 1974), i n c r e a s e with 
development of chi c k e n s k e l e t a l muscle (TILLACK e t a l . , 1974; MARTONOSI 
e t a l . , 1980). 
I n the p r e s e n t study, a-glycerophosphate dehydrogenase a c t i v i t y 
i n c r e a s e d approximately 5 - f o l d between the 9th day of 5th i n s t a r and 
9th day of a d u l t l i f e . T h i s change i n a c t i v i t y might be e x p l a i n e d i n 
two w a y s : ( i ) an a c t u a l i n c r e a s e i n the amount of enzyme p r o t e i n . T h i s 
would be c o n s i s t e n t w i t h the i n c r e a s e i n the amount of m i t o c h o n d r i a l 
p r o t e i n r e p o r t e d e a r l i e r (see Chapter 3 ) , ( i i ) a change i n the a c t i v i t y 
of f i x e d or n e a r l y f i x e d amounts of enzyme p r o t e i n . As was mentioned 
e a r l i e r ct-glycerophosphate dehydrogenase i s a l l o s t e r i c a l l y s t i m u l a t e d 
by C a 2 + . I t might be, t h e r e f o r e , t h a t the i n c r e a s e i n a c t i v i t y w i t h age 
i s r e l a t e d to the development of or changes i n t h i s property. However, 
t h i s p o s s i b i l i t y i s excluded i n the case of mi t o c h o n d r i a l a-glycerophosphate 
dehydrogenase of L o c u s t a f l i g h t muscle because the a l l o s t e r i c behaviour 
i n r e l a t i o n t o C a 2 + was demonstrated a t a l l ages s t u d i e d . I t would seem, 
t h e r e f o r e , t h a t the i n c r e a s e d a c t i v i t y i s due to an i n c r e a s e i n enzyme 
p r o t e i n . T h i s i s c o n s i s t e n t with the f i n d i n g of BUCHER (1965), who 
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r e p o r t e d t h a t the q u o t i e n t of I n c r e a s e I n the membrane p r o f i l e of 
the m i t o c h o n d r i a l and enzymatic a c t i v i t y of a-glycerophosphate 
dehydrogenase i s c o n s t a n t w i t h i n experimental e r r o r of the a n a l y s i s . 
Other workers have r e p o r t e d i n c r e a s e s i n a-glycerophosphate 
dehydrogenase a c t i v i t y a s s o c i a t e d w i t h f l i g h t muscle m i t o c h o n d r i a l 
development. LENNIE and BIRT (1967) r e p o r t e d t h a t , i n L u c i l i a c u p r i n a 
myoblasts, s m a l l mitochondria ( i . e . l e s s than lym diameter) e x h i b i t 
a-glycerophosphate dehydrogenase and t h a t i t s s p e c i f i c a c t i v i t y 
i n c r e a s e d 1.4-fold between the lh days before to 7 days a f t e r the 
pupal - a d u l t e c d y s i s . I n c o n t r a s t , w i t h l a r g e mitochondria (1-lOpm 
i n diameter) the s p e c i f i c a c t i v i t y i n c r e a s e d approximately 7 - f o l d 
during the same p e r i o d . Other m i t o c h o n d r i a l enzymes (e.g. m a l i c 
dehydrogenase, NAD +-linked i s o c i t r i c dehydrogenase and cytochrome 
oxidase) i n c r e a s e 5-10-fold more or l e s s synchronously. The p r e s e n t 
study as w e l l as t h a t of BROSEMER e t a l . (1963) and BUCHER (1965) showed 
t h a t i n L o c u s t a , m i t o c h o n d r i a l a-glycerophosphate dehydrogenase a c t i v i t y 
continued to i n c r e a s e during e a r l y a d u l t l i f e . S i m i l a r r e s u l t s were 
observed by BALBONI (1967) f o r A p i s m e l l i f e r a . BEEZELEY e t a l . (1974) 
showed f l u c t u a t i o n s i n the a c t i v i t y of t h i s enzyme i n Musca domestica; 
a c t i v i t y being higher i n 4, 14 and 21-day o l d f l i e s a s compared to 
7 and 8-day o l d f l i e s . I n c o n t r a s t , HOLMES and KEELEY (1975) found 
t h a t , i n H e l i o t h i s v i r e s e n s , a-glycerophosphate dehydrogenase a c t i v i t y 
peaked 2 days before the f i n a l e c d y s i s . T h i s may i n d i c a t e t h a t 
mitochondria of H e l i o t h i s f l i g h t muscle are f u l l y developed p r i o r to 
the a d u l t e c d y s i s . Support f o r t h i s comes from the f a c t t h a t H e l i o t h i s 
i s capable of f l i g h t s h o r t l y a f t e r the f i n a l e c d y s i s w h i l s t i n L o c u s t a 
s u s t a i n e d f l i g h t i s not p o s s i b l e u n t i l approximately the 8th day of 
a d u l t l i f e (BUCHER, 1965). 
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The e f f e c t of C a z on the a c t i v i t y o f a-glycerophosphate 
dehydrogenase was e s s e n t i a l l y the same as t h a t r e p o r t e d by many othe r 
workers (see I n t r o d u c t i o n ) . The p r e s e n t study showed t h a t the Mg 2 + 
had no s t i m u l a t o r y e f f e c t on a-glycerophosphate dehydrogenase. T h i s 
suggests t h a t Mg 2 + could not s u b s t i t u t e the r o l e played by C a 2 + . 
Indeed, DONNELLAN and BEECHEY (1969) r e p o r t e d t h a t Mg 2 + i s ten 
thousand times l e s s e f f e c t i v e than C a 2 + i n a c t i v a t i n g a-glycerophosphate 




The p r e s e n t s t u d y has concerned t h e g r o w t h and development o f 
t h e f l i g h t muscles i n L o c u s t a w i t h p a r t i c u l a r r e f e r e n c e t o th o s e 
systems i n v o l v e d i n energ y s u p p l y and u t i l i z a t i o n . The d a t a o b t a i n e d 
f r o m raorphometric s t u d i e s (Chapter 3) r e v e a l e d t h a t b o t h m i t o c h o n d r i a 
and m y o f i b r i l s i n c r e a s e d i n s i z e , and t h a t t h e r e l a t i v e p r o p o r t i o n o f 
t h e muscle c o n s t i t u e n t s changed w i t h i n c r e a s i n g age. These changes 
a r e c o n s i s t e n t w i t h e a r l i e r r e p o r t s (BROSEMER e t a_l. , 1963; BUCHER, 
1965; RICHARD ejt a l . , 1971), w h i c h s u g g e s t e d t h a t poor f l i g h t 
p e r f o r m a n c e d u r i n g t h e e a r l y s t a g e s o f a d u l t development i n l o c u s t s 
may be due t o a l i m i t e d c a p a c i t y t o e l a b o r a t e and u t i l i s e energy f o r 
f l i g h t ( i . e . i n c o m p l e t e s t r u c t u r a l and f u n c t i o n a l d e v e l o p m e n t ) . The 
mechanisms whereby m i t o c h o n d r i a and m y o f i b r i l s i n c r e a s e i n s i z e have 
been d i s c u s s e d i n d e t a i l p r e v i o u s l y (see Chapter 3 ) . I t was c o n c l u d e d 
t h a t , a l t h o u g h m i t o c h o n d r i a l p r o t e i n c o n t e n t i n c r e a s e d d u r i n g t h e f i r s t 
week o f a d u l t l i f e , t h e i n c r e a s e i n m i t o c h o n d r i a l s i z e was p r o b a b l y due 
l a r g e l y t o f u s i o n o f a d j a c e n t m i t o c h o n d r i a . These d e v e l o p m e n t a l changes 
were accompanied by an i n c r e a s e i n t h e number and d e n s i t y o f t h e c r i s t a e 
p e r m i t o c h o n d r i o n . The f a t t y a c i d c o m p o s i t i o n o f t h e m i t o c h o n d r i a l 
p h o s p h o l i p i d s (Chapter 3) and t h e a l l o s t e r i c p r o p e r t i e s o f m i t o c h o n d r i a l 
a - g l y c e r o p h o s p h a t e dehydrogenase (Chapter 5) were s i m i l a r a t a l l ages 
s t u d i e d . F u r t h e r m o r e , m i t o c h o n d r i a l p h o s p h o r y l a t i o n was f u l l y d e v e l o p e d 
a t a l l ages s t u d i e d (see Chapter 4 ) . T h i s i s i n agreement w i t h t h e 
r e p o r t s t h a t , d u r i n g t h e f o r m a t i o n o f L o c u s t a m i g r a t o r i a f l i g h t muscle 
m i t o c h o n d r i a , t h e m o r p h o l o g i c a l l y v i s i b l e m i t o c h o n d r i a l elements a r e 
e n z y m a t i c a l l y f u l l y e q u i p p e d a t an e a r l y s t a g e (BROSEMER e t a l . , 1963; 
Bu'cHER, 1965) . W h i l s t t h e above r e s u l t s seem t o be i n agreement w i t h 
t h e s u g g e s t i o n t h a t m i t o c h o n d r i a l development i s synchronous i n a l l 
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elements (BUCHER, 1965), t h e s i g n i f i c a n t decrease (p < 0.02) i n t h e 
r a t i o o f u n s a t u r a t e d : s a t u r a t e d f a t t y a c i d s i n m i t o c h o n d r i a l 
p h o s p h o l i p i d , t h e s u b s t a n t i a l decrease (p < 0.001) i n s t e a r i c a c i d 
(18:0) c o n t e n t and t h e i n c r e a s e i n t h e s p e c i f i c a c t i v i t y o f m i t o c h o n d r i a l 
a - g l y c e r o p h o s p h a t e dehydrogenase s u g g e s t s asynchronous development. 
T h i s i s c o n s i s t e n t w i t h t h e s t u d i e s o f DE KORT (1969) on L e p t i n o t a r s a 
d e c e m l i n e a t a f l i g h t m uscle. A s s o c i a t e d w i t h t h e i n c r e a s e d m i t o c h o n d r i a l 
development, m y o f i b r i l s i z e and t h e number o f myosin f i l a m e n t s w i t h i n each 
i n d i v i d u a l m y o f i b r i l , i n c r e a s e d a p p r o x i m a t e l y 4 - f o l d , i n L o c u s t a , o v e r 
t h e p e r i o d s t u d i e d . S i m i l a r l y , BUCHER (1965) showed t h a t , d u r i n g t h e 
"phase o f d u p l i c a t i o n " , t h e r e was a 2 - f o l d i n c r e a s e i n t h e number o f 
myosin f i l a m e n t s and t h a t t h e number o f m y o f i b r i l s i n c r e a s e d f r o m 
a b o u t 30 t o a p p r o x i m a t e l y 1000 i n each muscle f i b r e o v e r t h e whole 
p e r i o d o f development. More r e c e n t l y , VAN DEN HONDEL-FRANKEN and 
FLIGHT (1981) r e p o r t e d t h a t t h e muscle f i b r e d i a m e t e r o f t h e m e t a t h o r a c i c 
d o r s a l l o n g i t u d i n a l f l i g h t muscle o f L o c u s t a i n c r e a s e d a p p r o x i m a t e l y 
3 - f o l d between t h e 5 t h day b e f o r e and 1 0 t h day a f t e r t h e f i n a l e c d y s i s . 
On t h e b a s i s o f t h e p r e s e n t s t u d y , i t was c o n c l u d e d t h a t t h e i n c r e a s e 
i n t h e number and s i z e o f t h e m y o f i b r i l s was p r o b a b l y t h e r e s u l t o f 
" l o n g i t u d i n a l s p l i t t i n g " (GOLDSPINK, 1970, 1974; see a l s o HUDDART, 
1974) and t h e a d d i t i o n o f c o n t r a c t i l e p r o t e i n (myosin and a c t i n ) i n t o 
t h e p e r i p h e r a l r e g i o n o f t h e new m y o f i b r i l s (see GOLDSPINK, 1974). 
As t h e above changes were t a k i n g p l a c e t h e c h a r a c t e r i s t i c s t r u c t u r a l 
f e a t u r e s o f t h e mature a d u l t f l i g h t muscle were b e i n g assumed. The 
r e l a t i v e p r o p o r t i o n (by volume) o f m y o f i b r i l s t o m i t o c h o n d r i a was more 
t h a n 2:1 a t a l l ages s t u d i e d ; b e i n g maximal on t h e 3 r d day o f a d u l t l i f e . 
I n t h e p r e s e n t s t u d y , t h e m o r e - o r - l e s s p a r a l l e l changes i n t h e r e l a t i v e 
p r o p o r t i o n o f m y o f i b r i l s and m i t o c h o n d r i a r e f e r r e d t o above s u p p o r t 
t h e g e n e r a l v i e w t h a t m i t o c h o n d r i a l f o r m a t i o n i s s t r i c t l y c o o r d i n a t e d 
w i t h t h e f o r m a t i o n o f o t h e r c e l l u l a r c o n s t i t u e n t s i n L o c u s t a m i g r a t o r i a . 
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T h i s i s i n agreement w i t h the s t u d i e s of KLEINOW e t a l . (1970). The 
p h y s i o l o g i c a l importance of an i n c r e a s e i n the mass of c o n t r a c t i l e 
p r o t e i n and mitochondria has been i n d i c a t e d by BURSELL (1973), who 
re p o r t e d t h a t the former promoted an i n c r e a s e i n the frequency of 
muscle c o n t r a c t i o n i n G l o s s i n a m o r s i t a n s . The l a t t e r , i n t u r n , 
r e s u l t s i n an i n c r e a s e i n the demand f o r energy, which i s f u l f i l l e d 
by an i n c r e a s e i n the chondriome. The r e l a t i o n s h i p between m y o f i b r i l l a r 
and m i t o c h o n d r i a l development observed i n the p r e s e n t study would seem 
to be c o n s i s t e n t w i t h t h i s i n t e r p r e t a t i o n i n L o c u s t a . I t was mentioned 
e a r l i e r (Chapter 3) t h a t , as the maturation of l o c u s t f l i g h t muscle 
proceeds, t h e r e was a d i s t i n c t change i n c o l o u r from white i n the 
newly ecdysed a d u l t to reddish-brown i n more developed f l i g h t muscle. 
T h i s was a s s o c i a t e d with an i n c r e a s e i n the m i t o c h o n d r i a l mass, 
a-glycerophosphate dehydrogenase a c t i v i t y and the r a t e of r e s p i r a t i o n 
(Chapter 4 ) . However, i s o l a t e d mitochondria were capable of e f f e c t i n g 
coupled o x i d a t i o n with the v a r i o u s s u b s t r a t e s used (except s u c c i n a t e ) 
a t a l l ages s t u d i e d , when supported by a s u i t a b l e r e a c t i o n medium. 
On t h i s b a s i s i t i s c l e a r t h a t the r e p o r t s of poor coupling between 
o x i d a t i o n and pho s p h o r y l a t i o n i n mitochondria from younger a d u l t 
l o c u s t s (KLINGENBERG and BUCHER, 1959) (see Chapter 4) must be 
r e f u t e d and i t must be concluded t h a t f a i l u r e to demonstrate o x i d a t i v e 
p h o s p h o r y l a t i o n and r e s p i r a t o r y c o n t r o l a t t h i s time i s due, a t l e a s t 
p a r t l y , to the use of an i n a p p r o p r i a t e r e a c t i o n medium. A l t e r n a t i v e l y , 
the maintenance of the i n t e g r i t y of i s o l a t e d mitochondria, which i s 
e s s e n t i a l i n c o n s i d e r i n g t h e i r e n e r g e t i c c a p a b i l i t i e s , may have been 
d i f f e r e n t i a l l y a f f e c t e d by age wi t h consequent f u n c t i o n a l changes. 
U l t r a s t r u c t u r a l s t u d i e s suggest t h a t mitochondria may be more f r a g i l e 
i n the young a d u l t compared wi t h the more mature i n s e c t . T h i s i s 
c o n s i s t e n t w i t h the study of BALBONI (1967) on honeybee f l i g h t muscle, 
who r e p o r t e d t h a t the l i t t l e or no c a p a c i t y f o r r e s p i r a t o r y c o n t r o l or 
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o x i d a t i v e p h o s p h o r y l a t i o n does n o t mean t h e m i t o c h o n d r i a f r o m newly 
ecdysed bees a c t u a l l y l a c k t h e s e a t t r i b u t e s . I t may be more a 
r e f l e c t i o n o f an a g e - r e l a t e d m i t o c h o n d r i a l f r a g i l i t y . The p r e s e n t 
s t u d y employed t h e Nagarse e x t r a c t i o n method (see Chapter 2) w h i c h 
reduces t h e need f o r v i g o r o u s m e c h a n i c a l m a n i p u l a t i o n t o s e p a r a t e 
t h e m i t o c h o n d r i a f r o m t h e m y o f i b r i l s and t h i s may e x p l a i n why good 
r e s p i r a t o r y c o n t r o l and o x i d a t i v e p h o s p h o r y l a t i o n were o b s e r v e d i n 
t h e young i n s e c t p r e p a r a t i o n . 
I n t h e p r e s e n t s t u d y , t r a c h e o l i z a t i o n o f t h e f l i g h t muscle was 
a l r e a d y w e l l e s t a b l i s h e d i n t h e newly ecdysed a d u l t (see Chapter 3 ) . 
As development proceeded t h e r e was a r e d u c t i o n i n t h e t r a c h e o b l a s t 
c y t o p l a s m , a decrease i n t h e r e l a t i v e p r o p o r t i o n o f t h e t o t a l muscle 
f i b r e volume o c c u p i e d by t r a c h e o l e s , and t h e t r a c h e o b l a s t c e l l u l a r 
s h e a t h e n c l o s i n g t h e i n t i m a o f t h e i n t e r f i b r i l l a r t r a c h e o l e s became v e r y 
a t t e n u a t e d (see a l s o VAN DEN HONDEL-FRANKEN and FLIGHT, 1981). Such 
d e v e l o p m e n t a l changes r e s u l t e d i n a r e d u c t i o n i n t h e d i f f u s i o n p a t h 
between t h e t r a c h e o l a r lumen and t h e m i t o c h o n d r i a t h u s f a c i l i t a t i n g 
t h e s u p p l y o f oxygen, w h i c h i s conveyed v i a t r a c h a e , t o t h e s e o r g a n e l l e s 
(EDWARDS and RUSKA, 1955). 
The p r e s e n t s t u d y and t h a t o f VOLMER (1978) have d e m o n s t r a t e d 
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t h a t t h e p r o p e r t i e s o f t h e Ca* - t r a n s p o r t i n g ATPase o f SR a r e s i m i l a r 
t o t h o s e o f v e r t e b r a t e s k e l e t a l muscle d e s c r i b e d elsewhere (see Chapter 5) 
I n v i e w o f t h e f a c t t h a t t h e r e i s 1:1 correspondence between muscle 
f i b r e d e p o l a r i z a t i o n and c o n t r a c t i o n , w h i c h c h a r a c t e r i z e s t h e synchronous 
t y p e o f i n s e c t f l i g h t muscle, SR f u n c t i o n i s c l e a r l y o f g r e a t i m p o r t a n c e 
i n t h e c o o r d i n a t i o n o f t h e s e p r o c e s s e s by c o n t r o l l i n g t h e s a r c o p l a s m i c 
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Ca^ c o n c e n t r a t i o n . I t i s perhaps s i g n i f i c a n t t h e r e f o r e t h a t SR 
p r o t e i n i n c r e a s e d a p p r o x i m a t e l y 4 - f o l d between t h e 9 t h day o f 5 t h 
i n s t a r and 7 t h day o f a d u l t l i f e as m o r e - o r - l e s s d i d t h e s p e c i f i c 
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a c t i v i t y o f t h e Ca z - t r a n s p o r t i n g ATPase (Chapter 5 ) , and t h a t 
c o n s i d e r a b l e development o f t h e SR and i t s a s s o c i a t i o n w i t h t h e 
T-system was ob s e r v e d i n t h e e a r l y days o f a d u l t l i f e ( Chapter 3 ) . 
The i m p o r t a n c e o f f r e e C a 2 + c o n c e n t r a t i o n i n t h e m e t a b o l i c a c t i v i t y 
o f i n s e c t f l i g h t muscle has been h i g h l i g h t e d by SACKTOR ( 1 9 7 5 ) . He 
r e p o r t e d t h a t , i n Phormia r e g i n a , a t l e a s t f i v e enzymes, w h i c h 
p a r t i c i p a t e i n t h e r e g u l a t i o n o f t h e r e s t / f l i g h t t r a n s i t i o n , a r e 
known t o be s e n s i t i v e t o low c o n c e n t r a t i o n s o f C& . These i n c l u d e d 
two e x t r a - m i t o c h o n d r i a l enzymes ( a c t o m y o s i n ATPase and p h o s p h o r y l a s e b 
k i n a s e ) and t h r e e m i t o c h o n d r i a l enzymes ( a - g l y c e r o p h o s p h a t e dehydrogenase, 
p y r u v a t e dehydrogenase and NAD-linked i s o c i t r a t e d e h y d r o g e n a s e ) . 
SACKTOR (1975) s u g g e s t e d t h a t t h e i n i t i a t i o n o f c o n t r a c t i o n by i n c r e a s e d 
s a r c o p l a s m i c f r e e C a 2 + c o n c e n t r a t i o n , w h i c h a c t i v a t e s t h e a c t o m y o s i n 
ATPase, a l s o s t i m u l a t e d m e t a b o l i c a c t i v i t y . I t i s known t h a t t h e 
i n t e n s e r a t e o f g l y c o g e n o l y s i s o b s e r v e d a t t h e i n i t i a t i o n o f f l i g h t , 
i s t h e r e s u l t o f t h e c o n v e r s i o n o f t h e i n h i b i t e d p h o s p h o r y l a s e b 
t o t h e a c t i v e p h o s p h o r y l a s e a (CHILDRESS and SACKTOR, 1970) by 
p h o s p h o r y l a s e a k i n a s e . The l a t t e r i s , i n t u r n , a c t i v a t e d by C a 2 + 
(HANSFORD and SACKTOR, 1970). a-Glycerophosphate dehydrogenase i s 
p r o b a b l y a c t i v a t e d by t h e same C a 2 + " p o o l " w h i c h a c t i v a t e s t h e 
p h o s p h o r y l a s e and a c t o m y o s i n ATPase enzymes s i n c e i t i s l o c a t e d on 
t h e o u t e r s u r f a c e o f t h e i n n e r m i t o c h o n d r i a l membrane (SACKTOR, 1975). 
The f a c t t h a t C a 2 + was an a l l o s t e r i c a c t i v a t o r o f a - g l y c e r o p h o s p h a t e 
dehydrogenase a t a l l ages s t u d i e d i n d i c a t e s t h e i m p o r t a n c e o f t h i s 
c a t i o n i n m e t a b o l i c c o n t r o l i n L o c u s t a . I t i s c l e a r , t h e r e f o r e , t h a t 
t h e development o f SR i s an i m p o r t a n t f a c t o r i n t h e f u n c t i o n o f f l i g h t 
m uscle. Since i t i s g e n e r a l l y a c c e p t e d t h a t C a 2 + - t r a n s p o r t i n g ATPase 
i s a p r e - r e q u i s i t e f o r t h e appearance o f C a 2 + - t r a n s p o r t i n g f u n c t i o n 
o f SR (FANBURG e t a l . , 1968; HOLLAND and PERRY, 1969; MARTONOSI e t a l . , 
1972; BOLLAND e t a l . , 1 9 7 4 ) , i t i s t e m p t i n g t o suggest t h a t t h e 
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d e v e l o p m e n t a l changes o b s e r v e d i n SR and i t s a s s o c i a t e d ATPase 
a c t i v i t y a r e i m p o r t a n t f a c t o r s i n e x p l a i n i n g t h e improvement i n 
f l i g h t p e r f o r m a n c e n o t e d i n t h e d e v e l o p i n g a d u l t L o c u s t a (BUCHER, 
1965; GEWECKE and KUTSCH, 1979). F u r t h e r m o r e , t h e development o f 
t h e T-system and i t s d y a d i c a s s o c i a t i o n w i t h SR m i g h t be e x p e c t e d 
t o f a c i l i t a t e t h e t r a n s m i s s i o n o f nervous s t i m u l a t i o n t o t h e muscle 
f i b r e s and t h e r e b y i n f l u e n c e t h e e f f i c i e n c y o f t h e f l i g h t mechanism. 
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Appendix 3.1. 
Preparation of the median l o n g i t u d i n a l i n d i r e c t f l i g h t 
muscle f o r e l e c t r o n microscopy. 
(a) F i x a t i v e 
2.5% glutaraldehyde 
0.1M sodium cacodylate b u f f e r (pH 7.3) 
0.32M sucrose 
(b) Post F i x a t i v e 
1% osmium t e t r o x i d e 
0.1M cacodylate b u f f e r (pH 7.3) 
(c) Embedding medium (epoxy r e s i n ) 





A f t e r the thorax was pinned out on a cork board and covered 
w i t h f i x a t i v e f o r 15 minutes, the f o l l o w i n g procedure was used. 
( i ) the median d o r s a l l o n g i t u d i n a l i n d i r e c t f l i g h t muscles 
from the meso- and meta-thoraces were dissected out and placed i n 
f r e s h c o l d f i x a t i v e (a) a t 0-4°C f o r o v e r n i g h t . 
( i i ) the t i s s u e s were washed i n several changes of 0.1M 
cacodylate (pH 7.3) and l e f t o v e r n i g h t . 
( i i i ) p o s t - f i x a t i o n was c a r r i e d out i n 1% aqueous osmium 
t e t r o x i d e i n 0.1M cacodylate b u f f e r (pH 7.3) (b) a t room temperature 
f o r two hours. 
( i v ) a f t e r p o s t - f i x a t i o n , the t i s s u e s were washed i n 0.1M 
sodium cacodylate b u f f e r f o r 30 minutes and dehydrated i n a graded 
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se r i e s of ethanol s o l u t i o n s (50%, 70%, 95% and absolute 
ethanol) f o r 10 minutes each. 
(v) the t i s s u e s were then passed through propylene oxide 
(2 x 15 minutes) and l e f t o v e r n i g h t i n a 50/50 mixture o f propylene 
oxide and embedding medium ( c ) . 
( v i ) the samples were i n f i l t r a t e d f o r 6 hours i n absolute 
epon r e s i n ( c ) . They were then t r a n s f e r r e d t o f o i l dishes c o n t a i n i n g 
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Convertion o f ATP from the dlsodium s a l t t o ATP-Tris 
( i ) Re-charge the Dowex r e s i n 
Adenosine tri p h o s p h a t e (ATP) was purchased as the disodium 
s a l t , which was converted i n t o Tris-ATP by using i o n exchange 
Dowex r e s i n . The Dowex was converted i n t o i t s H + form (re-charged) 
before use. This was achieved as f o l l o w s : The Dowex was w e l l 
r i n s e d w i t h d i s t i l l e d water i n a Buchner funnel and the wet weight 
was noted. I t was then washed i n 3N HC1 (AnalaR) using 30cm^ o f 
a c i d per 5gm weight of r e s i n . This was f o l l o w e d by washing i n 
d i s t i l l e d water u n t i l the e f f l u e n t had a pH between 3-4. At t h i s 
stage a l l the r e s i d u a l acids were removed from the r e s i n and i t 
was i n i t s charged form. I t was then resuspended i n an equal 
volume of d i s t i l l e d water and s t o r e d a t 0-4°C u n t i l r e q u i r e d . 
( i i ) P reparation o f the T r i s s a l t o f ATP 
A known q u a n t i t y of adenosine triphosphate (ATP) was d i s s o l v e d 
i n a known small q u a n t i t y of the H + Dowex r e s i n and thoroughly 
mixed using a "W h i r l i m i x e r " (Fison's S c i e n t i f i c Apparatus) f o r 
a few minutes. The r e s i n was allowed t o sediment and the supernatant 
removed and r e t a i n e d . The r e s i n was washed three times w i t h a small 
q u a n t i t y of d i s t i l l e d water, and mixed thoroughly each time. This 
ensured the removal of a l l the H-ATP from the Dowex. The supernatants 
from each washing were "pooled". At t h i s s t a t e the ATP was i n i t s 
H + form and i t was converted t o the T r i s s a l t by the a d d i t i o n of 
drops o f 2M T r i s u n t i l the appr o p r i a t e pH was reached. I t was then 
made up t o the r e q u i r e d volume w i t h deionized water and store d a t 20°C. 
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Appendix 5.2. 
Construction o f standard c a l i b r a t i o n curve f o r i n o r g a n i c phosphate 
A stock s o l u t i o n c o n t a i n i n g 0.6ymoles o f phosphate (as KH2PO1J 
was s e r i a l l y d i l u t e d t o give 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, 0.05 
and 0.0 ymoles P i per cm 2, 2cm 2 o f each standard s o l u t i o n were 
p i p e t t e d i n t o M.S.E. c e n t r i f u g e tubes f o l l o w e d by 4cm 2 of the 
stopping mixture (see Chapter 5 ) . The tubes were then l e f t t o 
stand f o r 10 minutes a t room temperature. The i n t e n s i t y o f the 
yell o w c o l o u r , which developed d u r i n g t h i s time was determined by 
measuring the absorbancy on a C e c i l Ce 292 spectrophotometer a t 
390nm. Figure 5.2.1. shows the r e l a t i o n s h i p between absorbancy 
and i n o r g a n i c phosphate c o n c e n t r a t i o n . 
Figure 5.2.1. T y p i c a l example o f a standard i n o r g a n i c 
phosphate c a l i b r a t i o n curve. 
o 
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Appendix 5.3. 
C a l c u l a t i o n o f the "apparent a s s o c i a t i o n constant" (Kapp) f o r 
Ca-EGTA under d i f f e r e n t pH and temperature 
D i f f e r e n t i n v e s t i g a t o r s have used d i f f e r e n t values f o r the 
"apparent a s s o c i a t i o n constant" i n the c a l c u l a t i o n o f f r e e Ca z 
c o n c e n t r a t i o n (WEBER and MURRAY, 1973). I n the present study, 
c a l c u l a t i o n s are based on values f o r the a s s o c i a t i o n constant 
given by SCHATZMANN (1973) and AMOS e t a l . (1976). These values 
were then c o r r e c t e d f o r the changes i n pH and temperature. 
The r e l a t i o n s h i p between the e q u i l i b r i u m constant (K) and 
temperature (T) i s given by the equation: 
-AH 1 
L O g " 27333R- ' T W h 6 r e 
H = enthalpy, R = gas constant, T = absolute temperature 
On the assumption -AH does not vary w i t h temperature, the equation 
becomes 
Log K a ~ 
From a p l o t of K versus i a t pH 7.0 (Figures 5.3.1), Kapp 
at 30°C was c a l c u l a t e d t o be 10 6' 1* 9 a t pH 7.0. However, AMOS e t a l . 
(1976) have shown t h a t Kapp i s e f f e c t e d by pH, such t h a t the Log^ Q 
Kapp i s increased by a f a c t o r o f 1.2 when the pH i s changed from 
pH 7.0 t o pH 7.6 and by 0.2 when pH i s increased from pH 7.0 t o 
pH 7.1 a t 30°C. I n t h i s study Kapp a t pH 7.6 and 7.1 have been 
c a l c u l a t e d a t 30°C on the assumption t h a t Kapp w i l l be s i m i l a r l y 
a f f e c t e d by pH a t 30°C and 20°C. On t h i s basis Kapp a t 30°C was 
taken t o equal 1 0 6 * 6 9 a t pH 7.1 and 1 0 7 ' 6 9 a t pH 7.6. 
1 
Figure 5.3.1.- shows the relationship between Log K and — . 
T 
K: apparent association constant 
T : absolute temperature 
The two points indicated on the Figure represent 
Kapp of 106-36 a t 35°C and pH 7.0 (SCHATZMANN, 
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